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I. INTRODUCTION

A. PROGRAM OBJECTIVES

The performance of Kaufman thrusters has improved dramatically
in recent years. The energy expended in the discharge of the original
thruster was about 1000 eV /expelled ion at a propellant utilization of about
90%. A number of investigat:ors1~5 have succeeded in reducing this ex-
penditure considerably. About a year ago, when this contract was
initiated, the energy consumption of the most advanced thrusters (of the
NASA-SERT II type) had been reduced to less than 250 eV /ion at 90%
propellant utilization. Even at this point the energy loss per ion remained
orders of magnitude above the absolute low limit at which not more than
the ionization energy (10.44 eV for mercury) is consumed. It was thus
highly likely that additional energy could be saved, and the objective of
this contract was to achieve further optimizations of the thruster dis-
charge.

Almost all of the earlier advances had been accomplished by
empirical parameter studies, with little regard for the underlying dis-
charge mechanism. This suggested that a more physically oriented
approach might have merit. Accordingly, a program was formulated
which comprised the following general tasks:

1. parameter studies

2. discharge diagnostics
3. discharge theory
4

optimization efforts.

It was hoped that the first three tasks would combine to provide a high
level of understanding which ultimately would aid the optimization effort.

B. TECHNICAL SUMMARY

We believe that the physical approach has been very successful.
The results obtained under the contract may be summarized briefly as
follows:

1. Substantial new knowledge has been gained concerning the
properties of the hollow cathode plasma and the interaction
of this plasma with the discharge plasma. These findings are
of considerable importance to (a) the understanding and pre-
vention of hollow cathode-tip sputtering, and (b) the
""decoupling'' between hollow cathode and discharge plasmas.
The latter is desirable because it leads to a lower rate of
electron injection into the discharge plasma, which aids per-
formance and eliminates a control problem.



2. A detailed understanding of the thruster discharge mechanism
has been gained. Based on this understanding, specific design
rules for high performance thrusters have been postulated.

3. A thruster optimization effort has been conducted with two
15 cm diameter thrusters. Both thrusters employed electro-
magnets and both were operated without neutralizers. Using
the design rules mentioned above, this effort led to

a. an optimized oxide cathode thruster configuration with the
following performance characteristics:

discharge chamber losses 154 eV /ion
propellant utilization 82 %
beam current 271 mA
beam potential 3 kV
decel potential 2 kV
discharge voltage 42.5V

b. a new hollow cathode thruster configuration, incorporating
radial magnetic fields, with the following performance
characteristics:

discharge chamber losses 190 eV/ion
propellant utilization 90 %
beam current 380 mA
beam potential 3 kV
decel potential 2 kV
discharge potential 42.5 'V

This new configuration has the following advantages:

o a substantially increased ion beam uniformity. The ion
beam of the radial field thruster is approximately twice
as uniform as that of the NASA SERT-II thruster; there-
fore, it utilizes the perveance of the ion optics approxi-
mately twice as well (for a precise definition of the term
"perveance utilization'' see Section II.F). The radial
field thruster thus can provide nearly twice the thrust.

® a center postalong the discharge axis can serve as a
support for the ion optical system and a centrally mounted
neutralizer.

e a shorter length, using less space and weight.

The results summarized above and described in detail below were ex-
tracted from a large volume of experimental data. To keep this report
concise, less meaningful experiments will be reported only briefly; com-
plete sets of the corresponding data will be collected in a separate data
book, several copies of which will be submitted to NASA together with
this report.

The results will be presented under the headings 'NASA-SERT II
Thruster', ""Oxide Cathode Thruster'’, '""Hollow Cathode Thruster', and
"Radial Field Thruster'. Under "NASA-SERT II Thruster', measurements




are reported which were obtained with a NASA supplied thruster. In
part, these measurements were intended to serve as a standard of
comparison for the performance obtained with various thruster configur-
ations explored under the contract. In part, they were performed upon
request by NASA to gather more information about the SERT-II thruster.
Included among the latter experiments were a parameter study using
different types of cathodes and a diagnostic study.

During most of the contract period, separate investigations were
conducted with oxide and hollow cathode thrusters. The properties and
problems of the two configurations were sufficiently different to warrant
this procedure. It should be stressed, however, that these investigations
were not independent, even though they were separate. KEspecially
toward the end of the contract, when a more general understanding of the
discharge behavior evolved, considerable interaction existed between

both.
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11, EXPERIMENTAL PROGRAM

A, APPARATUS

In this section, we describe the apparatus which has a direct
bearing on the experimental results. The thruster experiments were
performed in three cryogenically pumped vacuum tanks of 2, 5, and 9 ft.
diameter. Ambient presgure in these chambers during thruster operation
was always less than 107" Torr, and typically was on the order of
2to5x 107" Torr. Ion current was collected with a water cooled, stain-
less steel target and neutralizers were not employed for any experiments.
Two sets of power conditioning were used, both sets using the metering
circuits and connections shown schematically in Fig. 1. The location of
the meters in this schematic diagram defines the parameters mentioned
throughout the text.

Two experimental thrusters were designed to facilitate parameter
variation and diagnostics in the discharge chamber studies. Figure 2
shows the essential features of these thrusters. The magnetic field is
generated by a solenoid constructed from eight segments, each having
50 turns. These segments can be separated for insertion of soft iron
""pole pieces' or disconnected altogether to provide a variety of magnetic
configurations. The cathode and its supports are relatively easy to re-
move or modify, thus making it relatively simple to change cathodes or
cathode locations. The feed tubes are connected to the feed manifold
with "Swagelok' fittings to permit easy change of the location or direction
of propellant injection into the discharge chamber. The ion extraction
optics, anode, cathode support electrode, and feed tubes are all isolated
electrically in order to permit independent monitoring of currents. In
addition, cylindrical, insulated electrodes can be fitted tightly inside
the anode to monitor the anode current distribution or to serve as elec-
tron confining devices by operation at cathode potential. Provision is
also made for inserting a probe support rod through the cathode end of
the thruster chamber, as shown in Fig. 2. The several types of probes
are described in Section II-B. The oxide cathodes used under the con-
tract were constructed of directly heated nickel mesh, wound in a spiral,
and sprayed with a nickel encapsulated barium carbonate. The latter
material was prepared by the apparatus developed under an earlier NASA

contract® using a technique described by D. M. Maurer and C. M. Pleass.

Figure 3 shows a photograph of a cathode of this type. The cathodes used
for hollow cathode thruster operation were supplied by NASA LeRC, and
the cathode, cathode pole piece, baffle, and keep-alive electrode are
described by R. T. Bechtel, et. al., in Ref. 3 (shown in Fig. 3 ot that
report). Two types of ion extraction optics were used. Their critical
dimensions are given in Table I. Type B optics was supplied by NASA -
LeRC for use with the SERT-II thruster and was adapted to the experi-
mental thrusters.

The final experimental thruster configuration tested was a modifi-
cation of the thruster chamber shown in Fig. 2 . A radial magnetic field
was generated by means of a center post; in addition, the role of anode
and cathode was interchanged. A complete set of detailed drawings for

5
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this configuration is supplied with this report. Figure 4 shows photo-
graphs of this thruster chamber (a) with optics removed and (b) with
both optics and part of the center post (serving also as a combination of
pole piece and baffle) removed. The propellant feed tubes have small
orifices directed toward the rear of the chamber. The feed manifold
and electrical isolator heater also can be readily identified from Fig. 4.
The electrical isolator serves to separate electrically the thruster and
reservoir. This was accomplished by spacing a sufficient number of
optically dense wire mesh discs within an insulating segment of the feed
line to maintain the voltage drop across each interdisk spacing below the
Paschen minimum. An oxidized stainless steel mesh was used as a
phase separator between the liquid and vapor phases of the propellant.
Control over the propellant feed rate was provided by a thermostatically
regulated heater. The propellant feed rate was determined via periodic
volume measurements of the mercury delivered from the propellant
reservoir. Two such systems were used: (1) a spring-loaded, piston-
driven diaphram system, and (2) a gravity flow, calibrated pipette
system. The pipette system was read directly in milliliters per hour,
while the piston system employed a dial indicator to monitor piston travel
per hour. Both systems proved to be reliable.

B. DIAGNOSTIC TECHNIQUES

1. Langmuir Probe

The Langmuir probe technique used for the measurements in this
investigation will be discussed first. Two probe configurations, shown
in Fig. 5 were used to probe the thruster discharge plasma. The probe
positioning method is shown in Fig. 6(a). The probe shownas No. 1 in
Fig. 5 was capable of operation as an emissive probe when heated to
emissive temperature by passing current through the wire loop of the
probe. In principle, the plasma or space potential may be obtained
unambiguously by superposition of the voltage-current characteristic of
this probe operated as an emissive probe on the characteristic of the same
probe operated as a cold collector. Figure 6(b) shows an example of
these characteristics and the method of identifying the plasma potential.
The emissive probe characteristic separates from the nonemissive char-
acteristic when the probe potential becomes less than the plasma potential
because the emissive probe then emits electrons into the plasma. Conse-
quently, this point of separation can be used to indicate the plasma po-
tential, © and the nonemissive probe characteristic can be analyzed in the
usual manner.? In practice, it was difficult to use emissive probes be-
cause heating the loop to emission temperature changed the mechanical
contact with and the electrical conductivity of the ceramic probe insul-
ator; this caused an increase in the collection area and a corresponding
increase in collected electron current, even at probe potentials above
plasma potential. This can be avoided only by carefully centering the
probe wire in the insulator (which is difficult to accomplish). For this
reason, and because of frequent destructive arcings when the probe was
operated as an emitter, this technique was abandoned and all probe
measurements were made with the probe as a nonemissive collector.

The first probe measurements were made with the type 1 probe,
using a manual, point-by-point method of obtaining the probe voltage-




current characteristic (varying the probe voltage manually and reading

the probe voltage and current on meters). The probe characteristics
immediately disclosed the existence of a non-Maxwellian distribution of
electron energies in the dischar%e plasma. Consequently, the analytical
technique of Strickfaden, et. al.,!0s 1l was attempted and found to be appli-
cable. This technique is based on the assumption of the existence of two
species or components of plasma electrons: monoenergetic primary elec-
trons from the cathode, and electrons with a Maxwellian energy distri-
bution from ionization of neutrals. The electron current collected by the
probe can thus be expressed in two components as

i =i . + i .
probe primary maxwellian

For retarding potentials, these components may be expressed mathe-
matically as

2eV 1/2 v v r
i, = A L 1 + = \, e l<!1 (1)
primary n v } Y l l
pr m pr I pr
and
kTe 1/2 o
. - ev 3 < 2
'maxwellian An °| Zrm CXP KT V=0 (2)
m e e
where
A = collecting area of probe
Te = temperature associated with Maxwellian component
of plasma electrons
n = density of Maxwellian component of electrons
npr = density of primary component of electrons
eVpr = average energy of primary electrons
e = electronic charge
m = electronic mass
v = potential of probe measured with respect to plasma

potential.

When eV r 18 appreciably larger than kT, it is relatively simple to separ-
ate the two components and obtain the desired quantities through (1) and (2).
On a linear scale the voltage-current characteristic would appear as shown
in Fig. 7(a). By drawing the linear tangent to the characteristic at the
high retarding potential portion of the curve, the Maxwellian component of
the current can be separated from the primary compound as shown. Re-
plotting this Maxwellian component on a semilogarithmic scale as shown

in Fig. 7(b) locates Vplasma and yields the plasma density using (1} and (2)

5
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(T, and V. can be obtained directly from the voltage-current character-
istics and the component densities computed from the values of the current
components, shown in Fig., 7{a), at Vplasma.‘% This method of analysis
requires that the primary electrons be monoenergetic and have an isotropic
velocity distribution in order to separate the electronic components by
means of the linear tangent. A number of probe characteristics were ob-
tained which do not have a well-defined linear region, consequently, an
attempt was made to employ a probe which measures total energy. The
configuration attempted was that of a Faraday cup probe with a hemi-
spherical collector. This probe failed because its physical size severely
perturbed the discharge, and no data were collected. As a result, the
two-component electron analysis was used throughout the study.

Because a linear display of the voltage-current characteristic is
required for data analysis, this method lends itself to data recording by
an x-y recorder. Figure 8 shows a block diagram of the components
used, to collect data with the type 2 probe. This system has the advantage
of being controlled by grounded instruments; thruster operation thus is
continuous during measurement. The characteristics of the equipment
essential to successful operation are

1. The dc power supply is regulated {constant voltage)
against load changes and the voltage output is linearly
proportional to the resistance of the programming
resistor

2. The clamp-on milliameter has an output which is linear
with respect to input.

The voltage and current meters shown in the high voltage circuit provide
a constant check on the calibration. The wire which carried the probe
current is looped 10 times through the probe of the clamp-on milliameter
to improve sensitivity {only one loop is shown). Mechanical linkage be-
tween the x-axis potentiometer and the variable programming resistor is
achieved with a standard piece of electronic hardware - a geared, right
angle shaft coupling, and a fiber (insulating} shaft. With this set of
equipment, Langmuir probe data can be collected quite rapidly, thus
insuring a minimum variation of discharge conditions. Good reproduci-
bility is also obtainable.

2. Faraday Cup Probe

A Faraday cup probe was used to dete rmine the extracted ion beam
current density profile. Figure 9 shows an example of the type of probe
used. The main objective of the Faraday cup 1s to return secondary elec-
trons resulting from the impact of ions on the collecting surface, thus
rendering the current mezsurement more accurate. In accomplishing
this, the probe of Fig. 9 is also made highly directional. To correct
this, a spherical probe with spherical retarding screen was constructed,
however, there was insufficient time for testing this device.




3. Magnetic Field Maps

Magnetic field mapping with powdered iron has long been a
method of demonstrating the presence of magnetic lines of force.
When such a field map is made permanent, it becomes a useful (though
qualitative) means for estimating the effectiveness of magnetic config-
urations. The technique for mapping the magnetic configuration of a
thruster chamber is relatively simple. First, a polyethylene bag is
used to protect the chamber from contamination by powdered iron. Next
a smooth white piece of paper, cut to fit inside the thruster, is sprinkled
lightly with powdered iron. This paper is then inserted carefully into the
magnetic field of the chamber; once in place, it is tapped lightly until the
pattern of the field lines is clearly visible. The powdered iron pattern is
then carefully coated with a light spray of clear lacquer. When this
coating has dried, the pattern may be removed and coated more heavily
for greater permanence. An example of the results of this technique is
shown in Fig. 10,

C. NASA SERT-II THRUSTER STUDIES

1. Performance Mapping

At the beginning of the contract a SERT-II type thruster, described
in Ref. 2, was supplied by NASA LeRC for lue purpusec of cilablishiug
performance standards. This thruster was operated with three cathode
types: (1) a NASA magazine type oxide cathode, (2) an oxide coated nickel
spiral cathode, and (3} a hollow cathode. 1In all performance tests, the
thruster was operated for a sufficient time to establish stability in neutral
propellant flow rates, equilibrium temperature of components, and
cathode emission. Chamber pressures were typically of the order of
5x 107 Torr. Figure 11 shows performance mappings for thruster
operation with the three cathode types. The performance of this thruster
is generally very good, As will be seen below, the SERT-II thruster dis-
charge has the desirable discharge plasma characteristics outlined in
Section II-4.

2. Diagnostics

The first measurement made with the SERT-II thruster was a
powdered iron mapping of the magnetic field. For the hollow cathode
configuration a magnetic field map is presented in Fig. 10. Figure 12
shows a tracing of a similar mapping for the oxide cathode configuration
and lists an array of measured values of axial magnetic field strengths.
It is apparent that electrons which follow the indicated lines of force
essentially ''cover' the entire screen area. Based on the findings of
Section II-4, it is also apparent that the extremely divergent magnetic
configuration of the SERT-II thruster would deteriorate the performance
if the propellant were introduced near the screen pole piece, as was
found by Bechtel.

The extracted ion beam profile, normalized to the central value,
is shown in Fig. 13. This profile was measured with a Faraday cup
probe at a plane 18 cm downstream from the extraction optics. This
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profile differs only slightly from others measured in the experimental
thrusters (except for the radial field thruster).

At the request of NASA LeRC, a set of Langmuir probe measure-
ments was made in the SERT-II thruster. The probe used was similar to
that used in the experimental hollow cathode thruster, and the results
were strikingly similar. To provide a graphical illustration of probe re-
sults, the plasma density, the normalized plasma potential, and the
Maxwellian electron temperature are shown in three-dimensional plots
in Fig. 14(a), (b), and (c), respectively. Only one set of measurements
was made inside the cathode pole piece because it was considered unde-
sirable to modify the baffle or cathode pole piece to permit entry of the
probe. It is apparent that the plasma density is relatively low, as was
the case when the experimental thruster was operated with high trans-
mission optics. The potential distribution is also seen to display a
potential ridge near the anode and to have a gradient in the direction of
the extraction screen; this prevents radizl ion loss and tends to establish
an ion drift toward the screen. The distribution of Maxwellian electron
temperature indicates the region of the discharge in which primary elec-
trons ionize neutrals and interact with the plasma electrons. This region
which is characterized by higher electron temperature, can be seen in
Fig. 14(c) to expand radially from cathode to screen in much the same
manner that the magnetic field lines are seen to diverge.

D. OXIDE CATHODE THRUSTER

The objective of the oxide cathode thruster studies was to investi-
gate thruster performance by parameter variation and to gain a physical
understanding of the changes in discharge plasma properties effected by
favorable parameter modifications. The following parameters were
varied:

Magnetic field configuration and strength
Length of the discharge chamber
Cathode location

Propellant introduction

Ion extraction optics.

Qo W N~

Diagnostic measurements were made for those parametric vari-
ations which displayed significant differences in thruster performance.
The diagnostics included

Langmuir probe measurements in the discharge plasma
Faraday cup probe measurements in the extracted ion beam
Powdered iron magnetic field maps

Current measurements in isolated segments of the discharge
chamber electrodes.

W N~

The parametric studies have shown that improved thruster per-
formance results when an optimal combination of the above parameters
is used. Consequently, any attempt to state an optimum value or config-
uration for any single parameter would be an oversimplification. Indeed,
diagnostic measurements have shown that thruster configurations which




display superior performance have in common certain physical rather than
configurational properties:

1. The plasma density is relatively uniform across the extraction
screen and there are no exaggerated local maxima or '"peaks"
in the spatial density distribution.

2. The plasma potential is essentially constant over the discharge
chamber, generally above anode potential, and displays a slight
gradient toward the screen electrode. In addition, there is a
slight rise in potential near the anode.

3. The plasma electron density is composed of a distinct high
energy component of ''primary' electrons from the cathode,
and a low energy component arising from ionization of the
neutral gas. This low energy component has a more or less
Maxwellian energy distribution with an electron temperature
of the order of 7 eV, while the primary component has an
appreciable fraction of the energy associated with the anode
voltage, The '""Maxwellian'' electron temperature is found to
be essentially constant across the diameter at the screen for
divergent field configurations.

1. Magnetic Field Variation Studies

A number of magnetic configurations were explored using the iron
filing mapping technique described above under 'Diagnostic Techniques''.
The configurations displaying discernible differences were used in per-
formance tests using a 13 ¢cm long thruster chamber, standard reverse
propellant injection, and Optic A {see Table I for details). The most
representative performance mappings of these experiments are shown
in Fig. 15. Figure 16 gives '"tracings' of the magnetic field maps for
four magnetic configurations with a set of axial magnetic field strength
values for each configuration. The magnetic field lines diverge in-
creasingly from 16A to 16D, with configuration 16A essentially a uniform
field configuration. It is apparent that the performance of the thruster
improves as the magnetic configuration becomes more divergent. Other
configurations were tested which employed a variety of pole pieces at the
cathode and screen; however, these experiments provided no additional
significant results. If the current in coil number one was reversed, an
extremely divergent magnetic configuration could be obtained; however,
this permitted direct anode interception of cathode electrons, and the
discharge could not be sustained. Because of the wide difference in both
magnitude and shape of the performance mappings of magnetic configur-
ation 16A and 16D, these configurations were selected for Langmuir probe
diagnostic measurements.

It is well know that thruster performance is improved as the
magnetic configuration is made to diverge from the cathode toward the
screen. This is relatively easy to interpret physically because the tra-
jectories of the primary electrons are spread over a larger volume of the
discharge chamber, thereby "spreading out' the plasma generation volume

11
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and consequently causing the plasma density distribution to be more uni-
form. It is obvious that extreme divergence will negate the confining effect
of the magnetic field, if primary electrons have trajectories which inter-
sect the anode. This will tend to extinguish the discharge. A magnetic
field configuration which disperses (spatially) the primary electrons is
also capable of lowering the over-all plasma density without increasing the
probability that a neutral atom will cross the thruster chamber without
being ionized. A lower plasma density means that there will be fewer
Coulomb collisions and less transfer of energy between primaries and
secondaries. Thus, distinct primary and Maxwellian electronic compo-
nents remain in existence. It may be concluded, therefore, that an opti-
mum magnetic configuration is one which diverges sufficiently to distribute
the primary electrons more or less uniformly in the volume adjacent to

the extraction screen, yet prevents direct or near direct interception by
the anode.

Several magnetic configurations tested in this study (including a
NASA LeRC SERT-II thruster, a cusped magnetic field configuration, and
a radial magnetic configuration) all exhibit similar performance and are
believed to be more or less equally effective in dispersing primary elec-
trons uniformly across the face of the screen.

2. Discharge Chamber Length

The experimental thruster was operated with the entire cathode
housing and discharge boundary electrode constructed to be continuously
adjustable. The discharge chamber length could be adjusted from 4 to 20 cm
during thruster operation. Performance mappings were made for a number
of discharge chamber lengths and magnetic configurations, using standard
reverse propellant injection and Optic A. The most significant results
appear in Figs. 17 and 18. It is seen that performance varies more
significantly with discharge chamber length in a uniform magnetic config-
uration (Fig. 17) than in a suitably divergent configuration (Fig. 18).

An additional finding is that in 15 ¢cm diameter thrusters the mag-
netic field cannot be made sufficiently divergent to provide the above
described, desired plasma spreading if the length-to-diameter ratio is
less than 0. 4.

3. Cathode Location

The cathode location experiments were performed in a uniform mag-
netic field thruster with optics A, a discharge chamber length of 13 cm,
and standard reverse propellant injection. The oxide cathode was a directly
heated nickel mesh, without heat shielding, and was mounted on the probe
positioning mechanism so that it could be positioned at any desired axial
or radial position within the chamber. Two types of experiments were per-
formed. In the first type, the discharge chamber was operated at constant
power and neutral flow and the extracted ion beam current was observed
for each cathode location. The magnetic field strength was varied at each
location, but it was ineffective in producing additional beam current if the
central field strength was of the order of 20 gauss or more. Table VIT gives
the results of these experiments for two values of discharge power. After




it was discovered that an axial location is superior, performance mappings
were made for several axial locations. These results are shown in Fig. 19.

In a uniform magnetic configuration, the best location for the cathode
was found to be on the discharge chamber axis and in the plane of the dis-
charpge boundary opposite the extraction screen. This is understandable
because an axial location provides equal diffusion lengths for the primaries
to reach the anode. Furthermore, a more central location (between the
extraction screen and the opposite electrode) will tend to divide the plasma
into two plasma regions with that in the vicinity of the screen providing
most of the ions for extraction and the other contributing only to losses.

4. Propellant Injection

A series of experiments was performed to determine the effects of
various methods of propellant injection in both a relatively uniform and a
relatively divergent magnetic configuration. These configurations are
shown in Fig. 20. Both configurations use a soft iron cathode pole piece
and have an effective chamber length of approximately 10 cm. All pro-
pellant injection experiments shown here were performed with ion ex-
traction optics A (48% open area). Figure 21 shows the performance
mappings for three modes of propellant injection. The forward or
through-feed mode of injection is seen to be relatively poor. This is
thought to result because too many neutrals are being fed into the chamber
near the electron source. 1lhe distributed reverse feed consequently
provided little improvement in the performance while the standard reverse
was the best for the magnetic configuration 20A. Figure 22 shows that
the opposite is the case for a divergent configuration such as 20B. In-
jection of neutrals near the point where the magnetic field lines intercept
the anode (standard reverse feed) increases the discharge current and
causes larger discharge losses. Injection of half of the propellant nearer
the discharge center decreases the discharge losses, while more uniform
distribution of the propellant injection (one half at one third anode radius,
one half at two thirds anode radius) gives best performance.

These observations are relatively easy to interpret. With a uni-
form magnetic field configuration, primary electrons ionize efficiently
in the center and any enhanced influx of neutrals there tends to increase
the local plasma density. This leads to increase both Coulomb and
neutral collision frequency on and near the discharge axis. Thus,
primary electrons lose their energy rapidly to neutrals and to the
Maxwellian component of electrons. Consequently, they have lost an
appreciable portion of their energy before they have diffused very far
radially. The plasma generation volume thus becomes relatively
smaller, resulting in a2 more '""'peaked', diffusion dominated plasma
density distribution. In a thruster with a divergent magnetic configuration,
the energetic primaries are more or less evenly distributed in the volume
adjacent to the extraction screen. It is not surprising, therefore, that
performance is observed to improve when the propellant injection is also
more evenly distributed. Moreover, because most of the anode current
is found to be collected in a relatively small portion of the anode near
the screen, it is understandable that injection of neutrals near this lo-
cation will enhance the cross field mobility of the electrons there, causing
an increase in discharge current with a resultant deterioration of per-
formance.

12
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5. Jon Extraction Optics

During the parameter studies with oxide and hollow cathode
thrusters, it was noted that configurations similar to geometries tested
at NASA LeRC generally gave poorer performance. The only evident
difference was the ion-optical system. Therefore, the type A optics with
an open area of 48% were replaced by the NASA LeRC SERT-II optics
(here labeled type B) which have an open area of 71%.

Performance mappings with type B optics were made for the mag-
netic configurations 16A and 16D and standard reverse propellant in-
jection. Figure 23 shows the results of these experiments together with
the mappings for the same configuration with type A optics. It is
apparent that installation of the type B optics provides a greater im-
provement in thruster performance than changing the magnetic configur-
ation, and that operation with the type B optics is improved only slightly
by changing from a uniform to a divergent magnetic configuration. It is
interesting to note that for type A optics with a geometrical open area
48%, the ratio of extracted ion current to screen current is approximately
1.5, corresponding to about 60% ''effective'' open area, if used in config-
uration 16D; it is only 1.2, equivalent to 53% effective transmission, for
configuration 16A. Type B optics has a geometrical open area of 71%, and
the ratio of extracted ion current to screen current was found to be
approximately 7 (or 87.5% effective open area) for either magnetic con-
figuration.

The change in ion optics from low to high transmission originally
was not meant to be part of the discharge study. It was intended to up-
grade the over-all thruster performance under use of the latest SERT-II
components. Analysis of Langmuir probe data disclosed, however, that
the ion optical configuration is of major importance to the discharge
properties. Indeed, we found that ion optical modifications can lead to
more significant changes in discharge behavior than does the transition

from uniform to divergent B-field. This is reflected in the observed

performance changes. The transition from an ion optical system with
48% open area to one with 71% open area improved the performance of a
uniform magnetic field thruster from 254 eV /ion to 178 eV/ion (90%
propellant utilization). In contrast, the change from a uniform to a
divergent magnetic configuration reduced the energy expenditure more
modestly from 254 eV /ion to 210 eV/ion.

Large performance improvements associated with ion optical
changes were reported also by R. T. Bechtel? and by T. D. Masek and
E. V. Pawlik. ! In their cases the performance improved from 570 eV/ion
to 280 eV /ion (80% propellant utilization), and from 540 eV /ion to
130 eV /ion (90% propellant utilization) respectively.

These three thrusters differ in many respects, including thruster
size, propellant injection mode, and cathode type. However, they have in
common that the improvements are associated with ion optical changes
toward higher transparency for either ions or neutral atoms or for both.
Therefore, in all cases the number of neutrals returned into the discharge
is reduced. Langmuir probe measurements have disclosed that this
change in neutral backscatter results in significant changes of the afore-




mentioned critical plasma properties. The changes consist of

1. A plasma potential distribution which inhibits radial ion loss
and thereby enhances ion extraction

2. A lower over-all plasma density

3. Less exchange of energy from primary to Maxwellian elec-
trons, resulting in lower electron temperatures.

With low ion optical transmission (i.e., with high neutral back-
scatter), a central potential ridge extends along the discharge axis. In
terms of the discharge model described in Section III-A this can be ex-
plained as the result of excessive ionic space charge. Because ions are
less mobile than electrons, they accumulate until their space charge
fields drive them out at rates for which production and losses are balanced.

With high ion optical transmission the center ridge is decreased
and a smaller ridge near the anode becomes prominent. We attribute the
decrease in height of the center ridge to the smaller rate of neutral
backscatter from the ion optical system and the associated smaller rate
of ion generation in the discharge volume. The cause for the anode ridge,
which exists in hoth sitnations.is not fully understood. It is possible that
it results from the finite electron cyclotron diameter. If an electron
reaches within one cyclotron diameter of the anode, it is quickly inter-
cepted. Therefore, a layer one cyclotron diameter thick next to the
anode is depleted of electrons and the resulting excess of ions may cause
the observed potential hump.

In any case, the two different potential distributions lead to sig-
nificantly different ion flow patterns. With a predominant anode ridge,
ions are confined radially and must leave in both axial directions. With
a high center ridge, however, many ions will reach the anode and lose
their charge. These neutrals rebound into the discharge and eventually
become ionized again. Neutrals which rebound from areas adjacent to
the extraction screen have a high probability for escape through the
screen. As is pointed out in Section III-A, the plasma density must be
made excessively high to prevent their loss. It is not unexpected, there-
fore, that in the case of high ion optical transmission propellant utili-
zation comparable to that for low transmission can be obtained with
plasma densities which are lower by a factor of 2 to 5. It is obvious
that this should make itself felt in reduced discharge losses. The saving
should result from both a decrease in the number of required ionizations
and a decrease in the transfer of primary electron energy to Maxwellian
electrons through Coulomb collisions.

Finally, the absence of rebounding nzutrals also can be held
responible for a smaller difference in performance between uniform and
divergent magnetic configurations if high transmission optics are used.
Without these neutrals, less ionization takes place at the larger radii
near the screen. Consequently, even with a diverging magnetic field
configuration the plasma density should drop off radially {(as confirmed
by Langmuir probe data). Accordingly, similar performance may be

co
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expected for uniform and diverging field configurations.
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6. Diagnostics

Langmuir probe measurements were made in the thruster config-
urations whose performance mappings are shown in Fig. 23. The results
of these probe measurements are shown as three-dimensional plots in
Figs. 24 through 29, where the vertical coordinate is used for plasma
density, normalized plasma potential, or the Maxwellian electron tempera -
ture. The probe measurement technique is described in Section II-B.
The probe measurements made in the thruster chamber using type A
optics were performed quite early in the contract, with a point-by-point
data collection technique. Since considerable time elapsed during
acquisition of the individual probe curves, the data are more scattered
than those collected more recently with a fast, semiautomatic data re-
cording technique. The curves in Figs. 24 through 26, which link the
data points, have therefore been smoothed in an effort to produce what
may be considered to be ''most plausible' distributions. Figures 24
through 26 compare plasma density distribution, normalized plasma
potential, and Maxwellian electron temperature, for magnetic config-
urations 16A and 16D when operated with type A optics. It is apparent
from Fig. 24 that the divergent magnetic configuration eliminates the
central "peak' in the spatial plasma density distribution, increases the
plasma density near the screen, and thereby renders the plasma density
more uniform spatially. Figure 25 shows that there is no essential
difference between the plasma potential distributions for the two magnetic
configurations, that the plasma potential is essentially constant through-
out the discharge chamber, and that it is appreciably above anode potential
with slight gradients in the directions of the extraction screen and the
anode. It is somewhat inaccurate to describe the plots of Fig. 26 as
"Maxwellian''electron temperature. Langmuir probe characteristics
indicate that there are no distinct primary and Maxwellian electronic
components in the central regions of the discharge chamber. The dis-
tributions here can at best be called '"near''-Maxwellian. Consequently,
the temperatures which are shown in Fig. 26 and which have been de-
rived from slopes ''best fitting' the semilogarithmic probe curves must
be taken with some caution. The main purpose here was to show that
average electron energy is somewhat lower in a divergent magnetic
configuration and that the interaction between primary and ionization
product electrons is decreased in the divergent configuration. Figures
27 through 29 compare the same quantities for configuration 16A and
16D with type B optics. It is immediately obvious that all three plasma
properties are significantly different from those of the thruster operated
with type A optics, whereas the differences seen between configuration
16A and 16D using the type B optics are relatively insignificant. Figure
27 shows that in both magnetic configurations the plasma density has a
diffusion dominated distribution and is lower in density by at least a
factor of two than in the same configuration operated with the type A
optics. Figure 28 shows, relatively little difference between magnetic
configurations, but an essential difference in potential distribution from
that observed with the type A optics. The plasma potential with the type
B optics is seen to be lower in general and to fall ¢ven below anode
potential near the screen. In addition, the potential rises near the anode
to form a potential barrier for ions. Consequently, the plasma potentiel
distribution with type B optics should be far superior in trapping ions and




establishing an ion drift toward the extraction screen. Finally, Fig. 29
shows the spatial energy distribution of the Maxwellian plasma electrons
with type B optics. It can be seen that the temperature distribution is
slightly different for the two magnetic configurations, which probably
accounts for the small difference in observed thruster performance.
Since the Maxwellian electrons must gain energy through collision with
primaries, the distribution of temperatures seen in Fig. 29 points out the
regions of the discharge chamber in which primary and Maxwellian in-
teract most strongly. In the divergent magnetic configuration, the
primary electrons are distributed in a relatively large volume in the
vicinity of the screen and the Maxwellian electron temperature is seen
to be relatively more uniform and lower than in the uniform magnetic
configuration. In the latter configuration the primaries are confined
more to the axis. The Maxwellian temperatures are therefore highest
on the discharge axis and decrease in the radial direction.

E. HOLLOW CATHODE THRUSTER

The following investigations were conducted with the dual ob-
jectives of improving the understanding of the thruster discharge and
optimizing performance:

1. a study of hollow cathode discharge operation

2. a study of the interface between hollow cathode and
discharge plasma

3. a parametric and diagnostic study of the discharge plasma.

Except for the hollow cathode diode tests, all studies to be re-
ported here were conducted with an experimental thruster of the type
used in the oxide cathode thruster studies. This thruster (No. 2) was
designed to facilitate variations of magnetic field strength and shape,
discharge chamber length, and location of propellant introduction. In
addition, provision was made to permit insertion of Langmuir probes
into the discharge region and to monitor separately currents collected
by the screen electrode, cathode housing, and several anode segments.

TT I PR

Hoillow Cathode Diode Experiments

[
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At the beginning of this contract only limited knowledge was
available about the operation of hollow cathodes in thruster discharges.
It was considered likely that in 15 cm and larger diameter thrusters,
where the discharge current exceeds about 1A, hollow cathodes operate
in the "'spot' mode. This conclusion was based on diode experiments in
which an abrupt transition occurs from ''plume' to ''spot' mode when the
current exceeds about 0.8 A.

A separate experiment was set up in a small vacuum facility
with the dual objectives of better understanding the hollow cathode dis-
charge plasma and determining the conditions under which cathode tip
sputtering would take place. The role of the keeper in reducing sputter-
ing was considered of particular interest.
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The experimental arrangement is shown schematically in Fig. 30.
The anode and Langmuir probe were independently movable. Their
position was monitored with micrometer heads; these precision gauges
were incorporated because it was anticipated that significant changes of
the plasma properties might occur over very short distances in the
narrowly confined space between cathode tip and keeper electrodes.

The sputtering measurements were deemed inconclusive after it
was found that in spot mode operation in the thruster, only ions from the
thruster discharge have sufficient energy to cause sputter erosion. There-
fore, pertinent sputtering results were not obtained in the absence of a
thruster discharge; the data collected on sputtering appear in the data book.

Considerably more meaningful results were obtained from
Langmuir probe measurements. They revealed that an invisible plasma
cone extends between cathode tip and anode in the spot mode. The plasma
density decreases monotonically with distance from the cathode, the elec-
tron temperature is constant (about 0.8 eV), and the plasma potential is
level at about 12 V above cathode potential. (Very similar properties are
observed in thruster operation. In particular, the plasma potential is level
between cathode tip and baffle and is about 13 to 14 V above cathode po-
tential. )

These diode measurements were conducted only within a short
distance of the cathode, since they were planned to give information about
the effect of the keeper. It was found that the keeper does not significantly
influence the hollow cathode plasma. Data obtained with the keeper removed
match those with keeper in place.

Several conclusions may be drawn from these observations:

1. Electrons injected into the discharge plasma from the hollow
cathode region possess a kinetic energy which is smaller by
about 12 to 13 eV than the energy equivalent of the full dis-
charge potential. Accordingly, primary electrons in hollow
cathode thrusters are considerably less energetic than those
in oxide cathode thrusters.

2. A fraction of input power, approximately equal to the product
of discharge current and hollow cathode plasma potential, is
consumed by the hollow cathode discharge and serves to heat
the hollow cathode.

3. Ions from the hollow cathode plasma impact on the hollow
cathode body with kinetic energies on the order of 13 to 14 eV,
which is below the minimum energy for sputter erosion by
mercury ions. Therefore, ions from the thruster discharge
plasma must cause cathode tip sputtering.

2. Plasma Interface Study

The interface between discharge and hollow cathode plasmas was
studied with experimental thruster No. 2 in the 5 ft vacuum facility. A
parametric investigation of various baffle and cathode housing configurations
was conducted initially, Langmuir probe measurements revealed the
existence of two separate plasma inside and outsidc the cathode housing,




and magnetic field tracing disclosed a magnetic barrier at the interface.
It thus became clear that the baffle and cathode housing, which separate
hollow cathode and discharge plasmas, must be designed so that the
impedance for electron outflow is sufficiently high to prevent "flooding"
of the discharge chamber by primary electrons. Measurements presented
in Fig. 31 show how the electron current increases and the discharge
voltage decreases while the baffle is moved in a direction where it pro-
vides a lower impedance to electron flow. Figure 32 shows the depend-
ence of thruster performance on baffle position and makes clear that in
SERT-II type configurations with a magnetic housing and nonmagnetic
baffle the impedance results from a combination of geometrical and mag-
netic obstruction.

It is useful to compare these findings with the results obtained
earlier at NASA LeRC with SERT-II type configurations. We believe that
the data of R. T. Bechtel, G. A. Csiky, and D. C. Byers3 on baffle size
support our contention of a changing impedance for electron passage into
the discharge. These authors found a systematic increase in the ratio
between discharge voltage and discharge current as the baffle was in-
creased. At the same time, thruster performance improved. Indeed,
Bechtel, et al., obtained the best performance with a baffle which is
larger than that of the SERT-II. The latter was used in nearly all studies
under this contract. This explains why our experimental thruster, with
a magnetic field r;nnfigurafinn very similar to that of the SERT-IT thruster,
could equal the performance of the SERT-II; however, it fell short of the
performance attained more recently by Bechtel3 with a ""modified' SERT-II
configuration (see Fig. 48, which will be discussed later).

The results of the plasma interface studies can be summarized
as follows:

1. A plasma sheath approximately 1.5 cm thick extends across
the openings between baffle and cathode housing. The potential
within the sheath rises from about 13 V on the inside to dis-
charge plasma potential on the outside.

2. 1If baffle and cathode housing are both nonmagnetic, the best
thruster performance is obtained when the baffle is located
far back in the cathode housing.

3. If a nonmagnetic baffle and a magnetic cathode housing are
used, best performance is obtained with the baffle located
across the open end of the housing.

4. As the baffle is moved away from the optimum position, the
discharge "impedance''(ratio of discharge voltage to discharge
current) decreases.

We believe that the 'impedance' provided by baffle and magnetic
field serves to stabilize electron flow through the discharge. In Section
IIT-A we show that diffusion of electrons across the discharge plasma to
the anode is governed by Coulomb collisions, where the diffusion rates
are inversely proportional to the square root of the electron energy.

19



20

Accordingly, as the discharge potential is decreased and the electron
energy drops, the discharge current tends to rise. Hence, the discharge
plasma has an impedance characteristic with negative slope. With a
practically infinite supply of electrons from the hollow cathode, the dis-
charge therefore tends to draw excessive currents unless a stabilizing
positive impedance is introduced. The obstruction provided by the baffle
serves this purpose.

In the case of a nonmagnetic baffle with nonmagnetic housing,
hollow cathode electrons find it increasingly difficult to pass into the dis-
charge plasmas as the baffle is moved back into the housing. A decrease
in transmitted electron current leads to an increase in discharge potential
and more energetic electrons. These ionize more efficiently, and per-
formance improves.

In the case of a nonmagnetic baffle with magnetic housing, per-
formance is best with the baffle mounted across the open end of the
housing; this suggests that in this position the electrons are obstructed
most severely. Magnetic field mappings (see Fig. 36, for example) have
disclosed that electrons must cross magnetic field lines in order to reach
the discharge plasma.

3. Discharge Plasma Studies

All investigations of hollow cathode thruster discharges were
conducted with experimental thruster No. 2 in either a 5 or a 9 ft vacuum
facility, and all measurements were obtained while an ion beam was
drawn. Performance data were taken only after the neutral flow had
been stabilized for several hours.

Because experiments with the oxide cathode thruster had already
provided the necessary information about a number of parameters, in-
cluding length of the discharge chamber, cathode position, and location of
propellant introduction, much of the hollow cathode thruster effort was
devoted to

1. a parametric magnetic field study

2. a diagnostic study of the discharge plasmas obtained with
uniform and divergent magnetic fields and with high ion
optical transmission.

Basically, this parametric study involved three steps. Initially,
the magnetic fields were shaped using solenoids only. Cathode pole
pieces were then added. Finally, screen pole pieces were also included.
During the magnetic field study the ion optical system was upgraded from
48% open area (type A optics) to 71% open area (type B optics) for better
over-all performance. Only later was the associated fundamental change
in discharge properties realized. Accordingly, the results of the early
phases, when low transmission optics were used, are not fully consistent
with some of the later findings.
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We present the results by proceeding from a uniform magnetic
field configuration toward increasingly shaped field geometries. First,
as the field lines begin to diverge in the direction of the screen, per-
formance improves (see Fig. 33). The same result was obtained with
oxide cathode thrusters and, undoubtedly for the same reasons, the dis-
tribution in plasma density and electron temperature became more uni-
form. Performance improves still further as a cathode pole piece is
added. We believe that this improvement results primarily from the
previously described increase in baffle impedance; with a magnetic
cathode housing, electrons find it harder to enter the discharge, which
results in a higher discharge potential and therefore in better perform-
ance. Third, addition of a screen pole piece to render the field distri-
bution still more diverging in the experimental thruster does not improve
performance (see Fig. 37). In fact, too much spread results in deterior-
ation of the performance. This results because the discharge current
increases with increasing field spread and the discharge voltage becomes
lower, indicating that electrons can now reach the anode too easily.

The change from 48% to 71% optical open area results in a signifi-
cant improvement in performance, as can be seen in Fig. 41. Langmuir
probe measurements of the configuration shown in Fig. 43 revealed the
same potential ridge (see Fig.44) near the anode as is found in oxide
cathode thrusters with high transmission optics. Therefore, we believe
that the explanation for the performance improvement, given in Section
II-D, applies to the precsent cacse a2 well, Furthermore, with high
transmission optics the difference in performance between uniform and
divergent magnetic field configurations becomes relatively small.

An interesting observation can be made at this point concerning
the magnetic configuration. Note that configuration 42 employs a screen
pole piece, but optimum performance results when the magnet windings
are operated to produce a relatively uniform magnetic configuration.
According to the oxide cathode thruster studies, this is plausible because
configuration 42 employs ''standard reverse' propellant injection, an
injection mode which is suited only for uniform magnetic configurations.

When these results are compared with Bechtel's magnetic field
studies, 2 it must be considered that his effort was devoted to opti-
mization attempts with a permanent magnet thruster, while ours used
electromagnets and pole pieces. With this in mind, our findings cor-
relate well with those of Bechtel. His parameter study of the screen
collar length shows a decrease in performance as the length exceeds an
optimum value. We believe that this is the result of an excessively
diverging field where field lines from the cathode pole piece pass through
the anode to the collar and cause direct interception of primary electrons
by the anode. If the collar is shorter than optimum, it is assumed that
virtual poles of the permanent magnets are uncovered and strong local
fields again attract primary electrons to the anode. The absence of any
significant performance change with variations of the screen pole piece
in our tests is not unexpected because the pole piece is located in front
of the anode and serves as a shield {at cathode potential}.

The following conclusions may be derived from these results:

1. A high transmission ion optical system is most impor-
tant for good thruster performance. Use of such a
system results in changes in the discharge properties
and leads to a potential distribution which confines the 21
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ions radially. This prevents power losses associated
with unnecessary reionization of the propellant gas.

2. With a high transmission ion optical system the radial
distributions of plasma density and electron temperature
are very similar for uniform and divergent magnetic
fields. As a result, performance is very similar in both

cases,
F. RADIAL FIELD THRUSTER
1. Configuration

In the final phases of the contract several experiments were con-
ducted in a discharge chamber with a predominantly radial magnetic
field configuration. This geometry was chosen with the intention of
replacing the diffusion controlled, centrally peaked density profile with
a distribution rendered radially uniform by unobstructed motion of elec-
trons along radial field lines.

The configuration of this ''radial field thruster'is shown in Fig.
45. It can be seen that the desired magnetic field shape is obtained with
a soft iron center post. This post also serves as a cathode housing and
baffle for the hollow cathode. The outer chamber cylinder, formerly
the anode, is now kept at cathode potential to provide the necessary
confinement for the electrons in a Penning type discharge. The anode
is located in the rear of the chamber and consists of a flat disk. Pro-
pellant is introduced in the same locations as in the other discharge
chamber studies.

2. Test Results

In operation the behavior of this thruster was similar to that of
other hollow cathode thrusters, except that it produced a very flat ion
beam profile. The magnetic field configuration initially had the shape
shown in Fig. 45, and performance was so poor that no performance
mapping was undertaken. A change of the magnetic field to the config-
uration shown in Fig. 46 reduced the discharge losses from above
400 eV /ion to 230 eV /ion at about 90% mass utilization (see Fig. 47).

The reason for this improvement is not fully understood. In the first
configuration, injection of propellant occurred into a plasma region

where many primary electrons are present; this may have led to a high
center potential, similar to that in conventional thrusters with low
transmission ion optical systems. In the second configuration, neutrals
were injected into a region where primary electrons should be rare. The
associated distributed ion production conceivably may have lowered the
center potential sufficiently to provide ion trapping as in convent:onal
thrusters with high transmission optics. Unfortunately, no time remained
under the contract for the necessary diagnostic measurements.

Prior to the duration test, thruster performance curves were ob -
tained for two levels of propellant flow. Figure 47 shows that a change




from 334 mA to 426 mA has little effect upon performance.

Even though little time was available to test the radial field con-
figuration, the results obtained are very encouraging. The performance
is slightly better than that of any known 15 cm hollow cathode thruster
(see Fig.48); it is more important that the flatness of the ion beam profile
is significantly superior to that of any other thruster (see Fig. 49). This
latter improvement may be assessed quantitatively in terms of the ratio
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where j is the current density at radius r, j, 5, is the current density
maximum (usually in the center), and ry is the ion beam radius at the
thruster. We label € '"perveance utilization'" and express it in per cent.
From the normalized beam profiles in Fig. 50 we find that the perveance
utilization of the SERT-II thruster is about 38%, while the radial field
thruster yields 67%. These values are somewhat inaccurate because the
beam profile was measured slightly downstream of the ion optical system.
In essence, with identical beam voltages and with the same life expectancy,
the radial field thruster can deliver about twice as much thrust as a
SERT-II thruster of the same size.

The radial field thruster was chosen as the 'final configuration"
under the contract and a continuous 24 hour test was performed. The
details of this thruster configuration, including the location of propellant
introduction are given in the prints which accompany this report. Through-
out the test the thruster operated smoothly and stably. Table XVIII gives
data recorded hourly; Table XIX contains 4 hour averages of these data.
Inspection of the thruster after the test indicated no unusual wear. In
particular, the hollow cathode sustained practically no sputter damage.

Based on the results given above, the following conclusion can be
drawn: A significant improvement in ion beam uniformity can be achieved
with a radial field configuration. It is believed (but has not yet been con-
firmed experimentally) that with a radial B-field the radial plasma density
is quite uniform since the electrons can move freely in and out along field
lines. Consequently, the ion beam profile should be flat, as it is indeed
found to be. Additional advantages of the radial field configuration are a
shorter discharge chamber and the existence of a center post, which
serves to provide the radial magnetic field and which can be used as a
support for the ion optical system and for a centrally located neutralizer.
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III. THEORETICAL PROGRAM
A, BASIC PROPERTIES OF THE THRUSTER DISCHARGE
1. Discharge Regime

Kaufman thrusters utilize a Penning-type discharge to ionize the
propellant gas. This discharge mode can be established at low pressures
where the neutral atom mean free path exceeds the discharge dimensions
and where ordinary glow discharges fail to operate. The crucial features
of the Penning discharge is a magnetic confinement field. The lines of
force pass into and out of the discharge across electrodes which are at
cathode potential, so that the discharge electrons are trapped. They re-
main in the discharge long enough to undergo one or more ionizing
collisions; consequently, a discharge can be sustained.

In the conventional Kaufman thruster configuration, electron con-
finement is provided by a discharge chamber with a cylindrical anode,
axial magnetic field, and two flat endplates at cathode potential (one of
the latter serves as the ion extraction screen). In order that electrons
injected from an axially located thermionic source will remain suffic-
iently well trapped, the magnetic field strength must be so large that
the electron cyclotron diameter is small compared with the discharge
diameter. It has been found empirically that for good performance the
magnetic field of a 15 cm thruster must be on the order of 20 gauss.
The cyclotron diameters of the more energetic electrons are thus about
1.5 cm.

Even well trapped electrons eventually have to leave the discharge.
Collisions with other particles can lead to cross-field drifts (in the
presence of an E-field) and diffusion (under a density gradient) in the
direction of the anode. The velocity associated with this cross-field
transport depends upon the type and frequency of the prevailing collision
mechanism. Using empirical information concerning the discharge, we
will now assess the relative importance of different collision processes.
In addition, we will determine whether drift or diffusion carries the elec-

trons to the anode. Based on this we will postulate a qualitative discharge
model.

2. Empirical Discharge Properties

First, we establish the approximate magnitudes of the neutral and
charged particle densities in the discharge and also of the electron tempera-
tures. An estimate of the neutral density N may be obtained under use of
the molecular flow expression

n=1/4 v N

where v, is the thermal velocity and n is the propellant influx per unit
area and time. A typical 15 cm thruster operates at a propellant flow rate

o 1~
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equivalent to about 0.3 A; hence, n is about 1016 pa.rticles/c:m2 sec.
Furthermore, if the propellant is mercury and if the gas temperature is
250°C, the thermal gas velocity becomes about 3 x 104 cmm/sec. The up-
stream neutral density should therefore be on the order of 1.4 x 1012
particles/cm”. Since most atoms become ionized on their way to the
extraction screen, the average neutral density should be less than half
the above number, or about 7 x 1011 particles/cm3 (equivalent to a
pressure of 3 x 10-° Torr).

The electron density is known roughly from Langmuir probe
measurements in the discharge (see Section II-0 and Refs. 10 and 11).
In the center, the density has been found to reach values on the order of
6 x 101! particles/cm3. Near the anode the density decreases to about
2 x 1011 particles/cm?. Langmuir probe data have also been used to
determine the electron temperature (or average energy). The latter is
found to decrease from about 15 eV in the center to the order of 3 eV
near the anode. These data pertain to conventional thrusters with ion
optics which give about 50% transmission.

3. Collision Processes

With the above information we can derive approximate values
for mean free paths and collision frequencies of the various collision
processes. For collisions which involve neutral particles we take the
literature values. For collisions between charged particles we use an
expression for Coulomb collisions, given by

1/2 3/2

] 3.2t
\)C = ZTT faAe ('El") \e\l) P

where V. is the collision frequency, £n Ais a collision parameter (= 15),

eV is the average particle energy, and p is the plasma density. Numerical
values are given in Table XX; the numbers pertain to the first-named
partner in each collision pair. The collision data of Table XX lead to

the following conclusions:

1. Neutrals rarely collide among each other, and their flow
is free-molecular. This fact was used in the earlier estimate of the
neutral density.

2. Ions rarely collide with neutrals and, except in the center,
rarely with other ions. Therefore, they leave the discharge on ballistic
trajectories.,

3. Electrons collide more frequently with ions than with
neutrals. The transport across field lines therefore 1s determined by
the plasma density and not by the neutral density.

4. Electron-electron collisions in which energy is exchanged
are as frequent as electron-ion collisions which lead to cross-field
transport. Therefore, high energy electrons which (because of their
large cyclotron diameter) require few collisions to reach the anods are
not very effectively thermalized. Low energy electrons, however, under-




g0 many collisions among each other, however, and thus form a
Maxwellian distribution.

In addition to these collision properties we must consider the
question of drift versus diffusion. Langmuir probe studies have disclosed
that with a uniform B-field the plasma potential within the entire dis-
charge volume is above anode potential and that it slopes downward to the
anode with a gradient which increases with radius (see also Ref. 11).
Consequently, the E-fields tend to drive the electrons toward the center
rather than out to the anode. It must be concluded, therefore, that
diffusion under a density gradient is the overriding mechanism for deliv-
ering electrons to the anode. It should be added that no evidence has been
found to date for a third possibility,anomalous diffusion in the presence of
instabilities. '

4. Qualitative Discharge Model

If combined, the above described properties lead to the following
qualitative discharge model: Electrons injected into the discharge
center with an energy equivalent to plasma potential constitute a primary
component. These electrons ionize as they diffuse out. Because the
electron-electron collision cross section increases with decreasing
particle energy, primarily those electrons which have lost energy in
ionizing collisions undergo a thermalization process with other low
energy electrons; this gives rise to a Maxwellian electron component.
Both the primary and Maxwellian groups accumulate in the discharge
until their radial density gradients have become sufficiently large to
produce diffusion rates equal to the injection and production rates.

The newly born ions also accumulate until their removal rates
become equal to the production rates. The observation of plasma po-
tentials above anode potential implies that the ions tend to accumulate to
a density exceeding that of the electrons, except that the slightest excess
in positive space charge raises the plasma potential. This helps to re-
move ions in two ways: (1) they can now land on the anode, and (2)
E-fields associated with the potential rise can accelerate the ions in the
direction of the walls.

Evidently, few of the ions will speed directly toward the extraction
screen. Most will impact on other electrodes where they lose their
charge. They rebound into the plasma and eventually become reionized.
Simply on the basis of the ratio of total discharge chamber surface to
open area in the extraction screen, it can be estimated that the average
ion undergoes some eight ionizations before it ejects through the screen.
It is clear that each of these ionizations is obtained at the cost of energy.

While repeated ionizations are one cause for inefficiency, the
nonuniformity of the plasma also is a contributing factor. The steep
decrease with radius of electron density as well as electron energy leads
to the escape of many neutrals through the peripheral screen areas. In
order to reduce this loss to a tolerable level, the electron density near
the anode must be raised. Unfortunately, any increase there also results
in an increase in the central density gradients and leads to higher diffusion
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currents which ultimately lower the efficiency of the ion generation pro-
cess.

For these reasons a configuration in which the plasma is distributed
more uniformly in density and electron energy throughout a layer across
the ion extraction screen is advantageous. The diverging magnetic field
configuration of SERT-II type thrusters and the radial magnetic field
configuration represent steps in this direction.

B. DISCHARGE CHAMBER THEORY

1. Model

In this section we will present a theoretical analysis of the discharge |
regime in Kaufman thrusters. We confine the discussion to the following :
straightforward configuration:

l. The discharge chamber consists of a cylindrical anode and of
two flat cathode end plates.

2. Propellant gas is injected through uniformly distributed
openings in the '"upstream' endplate.

3. Electrons are injected from a circular thermionic cathode
located in the center of the upstream endplate.

4. Ions are extracted through uniformly distributed holes in the
"downstream'' endplate.

5. A uniform magnetic field extends axially through the discharge
chamber.

2. Assumptions

The analysis is made under the following physical assumptions:

1. Electrons are in thermal equilibrium locally, and therefore
possess a Maxwellian-Boltzmann distribution. The justifi-
cation for this assumption will be given below.

2. Electrons are transported across magnetic field lines to the
anode by cross-field diffusion (under a density gradient).
Cross-field drift (under a potential gradient) can be ruled out
since the potential gradients actually observed are small and
usually so directed that they tend to drive the electrons
inward.

3. Coulomb collisions between electrons and ions determine the
rate of electron diffusion. Collisions between electrons and
propellant atoms are rare and they contribute little to diffusion.

4. Ions accumulate in the discharge volume until the center
potential has risen to the point where the associated E -fields




drive the ions out as fast as they are created. This implies
that ions are free to move along ballistic trajectories. This
assumption seems justified because collisions are sufficiently
frequent to interrupt the flight paths (see Table XX) only
near the discharge axis.

5. Propellant atoms are uniformly distributed across all radii.
This assumption restricts the validity of the analysis to low
and medium values of propellant utilization, as will be seen
below.

6. Electron and ion dynamics are treated as if the discharge
were infinitely long. This is considered well justified for
electrons because they are fully reflected at both end plates.
The situation is less clear with respect to the ions. Basically,
the high mobility of electrons along lines of force of the B-field
tends to prevent axial potential gradients and the ion outflow
should be governed strictly by radial potential gradients, as
in an infinitely long configuration. However, the two end
plates at cathode potential perturb the plasma over distances
which considerably exceed the width of the plasma sheath. In
accordance with the laws governing the formation of cathode
sheaths there must be ''pre-sheath' regions if the ion tempera-
ture falls below that of the electrons within the plasma. Across
these regions the potential gradually decreases by about
1/2 kTg/e toward cathode potential. With average electron
energies on the order of 3 to 10 eV in the disharge, this axial
potential drop may amount to several volts. Because the
details of the pre-sheath regions are difficult to assess, we
will simply ignore its effects upon radial ion flow.

7. A cylindrical center section of the discharge, carved out by
the trajectories of the newly injected electrons, is treated as
uniform in density and electron temperature. Because this
section represents a relatively small portion of the discharge
volume, the resulting error may be expected to be compara-
tively small.

3. Analysis

In accordance with the above described assumptions we use the
following expression for cross-field diffusion as the equation of motion
for the electrons

(3)

where v, is the radial electron velocity, Dy is the cross-field diffusion
coefficient and p is the electronic charge density.
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The diffusion coefficient can be expressed as (in cgs units)

2 2
Dy =5 = (§) vV (4)

where e and m are electron charge and mass, B is the magnetic field

strength, c is the velocity of light, V. is the collision frequency, and eV
is the kinetic electron energy.

For the collision frequency v. we use an expression for Coulomb
collisions which includes multiple small angle scatterings

1/2

ve =2maan e (L) (en) 2, (5)

where 4nA is a collision parameter (the numerical value of which is taken
to be 15). Introduction of (4) and (5) into (3) yields

v = - 2 poan 2m)t

/2 c,2 -1/2 3p
3

e (5)° (ev) /" SE. (6)

Equation (6) must be averaged over all electron energies. If we assume
that the plasma electrons possess a Maxwellian energy distribution, elec-
trons with energy eV contribute to the over all density the fraction

1/2
do - (HY2 T exp (2N a Y (7)

where 3/2 kT is the average electron energy. The average drift velocity
v, can be obtained with the help of '

— 1
o= I v, dp- (8)
If (6) and (7) are introduced into (8) integration yields

8 1/2

v, = §(27rm) /2 3p

oA e (—]%)2 (kT) " ST (9)

or .

, =C B2 (xT)"1/2 2—5 (10)
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where C, = 1.3 cgs if LnAis taken to be 15.

Prior to using (10) in the analysis we intend to establish the validity
of the assumption of a Maxwellian distribution. According to Langmuir
probe measurements made under this contract, the actual distribution in




thruster discharges with uniform B-field can be interpreted as a combi-
nation of typically 10% monoenergetic primary electrons and 90% therm -
alized electrons with a near-Maxwellian distribution. The temperature of
the latter component is about 15 eV in the discharge center and 3 eV near
the edge. In Table XXI we compare the diffusion coefficients and average
ionization frequencies Vi of a pure Maxwellian distribution with that of a
1:9 mixture of primary and Maxwellian electrons. For the ionization
frequencies of monoenergetic electrons we resort to literature values

15; for that of a Maxwellian distribution we use rates derived below (see

Fig. 51).
According to Table XXI the two types of distributions yield values
having relatively small differences, and the assumption of a pure

Maxwellian distribution in the analysis appears well justified.

In addition to the above derived equation of motion (eq. (10)),
we require a continuity equation. The radial flow of electrons must be

subject to the conditions

divj =9, p (11)

+P'—i_£ :Uip° (12)

If (10) is differentiated with respect to r and if the expressions for v,
and 3y /3dr are introduced into (12), a differential equation for the charge
density is obtained

2 . 2
ag + 1 P . 1 (.‘_5.2) (13)
ar T dr p dr
1, ..-1 3(kT) 3p , B% . ._.1/2_
- EU Fa rA I o R

Because (13) contains not only p but also the unknown function (kT) of r,
a second equation must be provided. The following energy conservation
condition can serve this purpose:

d(kT) _ dkT) . * 3kT) (14)

dt 3t v St

First, since a steady state solution is being sought, the term d/3r must
vanish. Second, the average energy transport velocity v© is determined

by

5 1 3(kT I (kT —  AkT;
GO L BT g L AT p g 2T

dr p Jor P p ar
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therefore, it is identical with the average diffusion velocity v. Third, the
term d(kT)/dt represents the average rate of energy loss by excitation and
ionization in a Maxwellian distribution with temperature T. This loss
rate and the average ionization frequency V, in (13) are functions of the
electron temperature

d(kT)
dt

= = g(kT)’ '\71 = k(kT)"

Both functions can be considered known because they can be derived from
available collision data. For example, to obtain V; one must take the
familiar function of the ionization frequency v; versus electron energy eV
(see Fig. 51) and compute v; dp, where dp is the number of electrons
with energy eV in a Maxwellian distribution of temperature kT (see (7)).
Integration over all energies and division by the total charge density then
yields the average ionization rate at electron temperature T;

vi=%j‘vidp-

If this expression is evaluated for a number of different temperatures, the
functional dependence V. = k(kT) can be found. This dependence has been
computed for mercury (1see Fig. 51). It can be seen that over the range
of interest of electron temperatures (from about 3 to 20 eV), V. increases
linearly with T. Accordingly, the following approximation for ¥; will be
used here:

v; = k(kT) = A pkT - Ap - (15)
whefe
A =1.38x 1020 erg_1 sec”! Torr-
A, =6x 108 sec™! Torr!

and p is the gas pressure in Torr.

The average energy loss rate can be determined in a similar
fashion from

_ - 1 1
= - g(kT) = -(evi+kT);jvidp ;,:1 Vex 7 jvexdp

d(kT)
dt

where eV, is the ionization energy and eV, is the excitation energy
associated with a specific level n. It should be noted that the energy loss

in an ionization event also includes the energy which must be supplied to

a newly born secondary electron so that it will share the average energy kT.

The energy loss rate g(kT) was determined for mercury, based
upon losses associated w1th 1om%at10n (10 38 eV)f with excitations!4 in-
volving the transitions 1 Sl - 2°P, and 1 Sl - P (4.86 and 6.67 eV),




which by far dominate, and including the supply of kT to the newly born
electrons. The resultant loss rate curve is shown in Fig. 52. This loss
rate function will be approximated by

d(kT — ~ 3/2
D = . gkm) Y -4, p (KT) (16)
where A, =8.25x 1014 erg_l/z sec”! Torr~!.

Using (12) and (16), the energy conservation relation (eq. (14))
can now be expressed as

A -1
(kT)7% a(kT) = =2 p B® (28) 4, (17)
o dr
or
A
1 1 _ 2 2 1
ET— ﬁo—‘—copB j‘é—edr, (18)
ar
or
( AZ 2 p 1l .
kT=KTO I-TPB kTOJ—a—p dr: L. (19)
\ o 3r /

If (15), (17), and (19) are introduced into (13), one obtains

2 2 -1
dp .1 3p .1 13 1 2 | 2 1
—2-+rar+pt\8_r) -5 kT _CpB° /1-C,pB kToja—pdr
dr 3¢
. -3/2
2 3/2 2 1
+C, p BY (KT ) 1-C,pB kTOJ”é—B dr
dr
c 2 1/2 |/ c 2.7 1 \-1/2
- C; p BY (kT ) - lkaOJEdr =0  (20)
\ dr
where
Cl:AZ/Co
CZ:AO/CO
Cy=A/C_ .

Before we proceed to solve (20) for the radial charge density distribution
we intend to derive an expression for the radial potential distribution. In
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addition, we must define boundary conditions.

To compute the potential distribution we require Poisson's
equation

AV = - 4w (p; - pe) (21)
where p; is the ionic and, p, =p, the electronic space charge density.

Under the assumption that ions flow out radially on ballistic trajectories,
their density contribution at each location is given byl

I
p. = lj‘ Eg (E) dE (22)

1 ro\)ig

where g (€) is the ion generation rate per unit volume and time at radius
€ and where vy (€) is the velocity at radius r of an ion born at radius &.
Since

g (§) = P_\—’-i

and since

2 1/2
v, (E) = [E ( Vr - Vg)]
eq. (22) can be written as
. r Ny
p == (—Zr%j)l/2 I ——pvlgdg/z . (23)

° (v, -vy)

In principle, a solution for the potential distribution requires that first
p be obtained from (20), and second p and p. (given by (23)) be used to
solve equation (21). However, the potential variations are anticipated
to be small (on the order of volts) and AV should therefore be negligible

compared with either 4 w p; or 4 m pe. Accordingly, we may approximate
(21) by

ne

While this simplifies matters, nevertheless we must first solve (20) for

p; next we must solve the integro-differential equation (23) where now p

is substituted for p;. The complicated nature of these equations precludes
analytic solutions. Therefore, selected numerical solutions by computer
must be sought.

In order to arrive at pertinent solutions, suitable boundary con-
ditions must be specified. For this purpose we consider separately a
small cylindrical volume surrounding the discharge axis and having the




radius of the thermionic cathode. We treat this volume summarily and

assume that the newly injected electrons are thermalized there completely.

Energy balance within this volume requires that the power deliv-
ered by the injected electrons is equal to the sum of power removed by
outflowing electrons and power consumed by inelastic collisions. This
may be expressed as

kTc 2 Pc d(kTC)
—_t rC —aT

L = (25)

) 2 — .3
ICVC—(IC+1TrC ch\)ic)z

where I is the electron injection current, V. is the plasma potential,
pc is the plasma density, Vj. is the ionization frequency, and T¢ is the
electron temperature in the center cylinder. Furthermore, r. is the
cathode radius and 4 is the length of the discharge chamber.

If expressions (15) and (16) for V;c and d(kT.)/dT are introduced
into (25), eqs. (20) and (25) can be combined to yield computer solutions

for p and kT as functions of r. For given discharge potential V¢, discharge

current I., and neutral pressure p, only one set of values kT and p.
regults in radial density distribhution which goes to zero at anode

1 2
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radius r,. By trial and error (with the help of the computer) this solution
can be singled out. :

The potential distribution also requires separate treatment of the
center section. If (23) is integrated from r = 0, a singularity in the in-
tegral causes computational difficulties. These can be prevented with
the help of an analytic solution for V at small r. Conveniently, we can
use the same assumption as above: viz., constant density p. and elec-
tron temperature T, for r “r.. We then obtain a parabolic potential
distribution which may be expressed as

m; — 2 2
Vr = Tél Vie T - (26)

If we split the integral in (23) into two parts, one extending from
0 to r  and the other from r_to r, we can perform the integration over
the first part with the help of (26) and the singularity at r = 0 is elimi-
nated. However, a similar problem arises at the upper limit. In order
that the integrand will not go to infinity as V; approaches V., the inte-
gral must be terminated at (r - A). To maké up for the difference, an
approximate expression for the residual contribution must be added.
When these modifications are included, eq. (23) can be written as
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where the index '"'r'" stands for the location r. Together with (20), eq. |

(27) can now be used to yield computer solutions for p, kT, and vas
functions of the radius. In the actual computations r_ was taken to be |
l1.5cm, r_ =7.5cm, and A= 0.1 cm (equal to the computing step width).
Figure 53 shows representative results. In general, the shape of the
distributions for p, kT, and Vis very similar to that found empirically
(see Fig. 54). Even quantitatively, the agreement can be considered ‘
satisfactory. Of the three computed distributions, that for V is perhaps |
least reliable because the axial potential variation in the acceleration of
ions was neglected.

The agreement between theory and observation provides confi-
dence that the underlying discharge model is essentially correct. This 1
discharge model has already been used in the interpretation of the be-
havior of advanced thruster geometries studied under this contract, and '
has given guidance in the optimization task. '

As a final item we would like to determine how restrictive is the
earlier assumption of a uniform neutral density across (not along) the
discharge. One way to establish this is to relate propellant utilization
and mean free path., We assume that after the propellant enters the dis-
charge it becomes gradually ionized on its way to the downstream ex-
traction electrode and the propellant density decreases as

N = N, exp(-z/X)

where . is the average mean free path of gas atoms for ionization and
z is the distance along the discharge axis.

To relate N to the in and outflux of the propellant gas, we consider

first a situation without ionizing plasma, where the neutral outflux must
match the influx. The latter can be expressed as

21 N a (29)
a

where r_ is the anode radius, v_ is the thermal gas velocity, and a is
the fraction of open area in the extraction electrode.

If a plasma is present, the neutral outflow is reduced to

I o ri _?];—Vn NO exp(—z/r) a - (30)




Accordingly, the propellant utilization becomes

Iin - Iou_t

n ~ l-exp(-z/X) (31)

Iin

This is the relation between X and 1 which we have sought. Table XXII
shows numerical values. It can be see that up to above 70% mass
utilization the mean free path is either longer than or comparable to the
discharge chamber dimensions. Therefore, the neutral density should
remain relatively uniform across the discharge up to this level of mass
utilization. It should be added that because of the oversimplification in
the neutral flow pattern considered in (28) through (31), great accuracy
cannot be claimed for the results given in Table XXII. However, the
only purpose here is to estimate the range of validity of the theory
derived earlier.

In this conjunction it is well to remember that only radial
variations of the neutral density affect the discharge model. The theory
is insensitive to axial variations. Because the electrons sweep back and
forth in the axial direction, only the average of the axial neutral density
is significant and the detailed distribution is not important.

C. SCALING LAWS

In the past, most of the optimization effort on Kaufman thrusters
has been devoted to thruster configurations of 15 cm diameter. With
tha present trend towa rd 1a rger thruster diameters_. it would be of
considerable interest to have available general scaling rules. We will
derive below the appropriate relations used in the discharge model dis-
cussed earlier.

According to our model the radial flow of electrons is determined
by cross-field diffusion and can be described by the equation

l/Zcz

v, = C_ ) Mg %’;’

4

where kT is the average electron energy, B is the magnetic field
strength, c is the velocity of light, and 3p/dr is the radial density
gradient. The radial current density Je then becomes

-1/2 ,¢.% 3
= C_ (kT) (§) ste

Je
It should be emphasized that the latter relation is not restricted to
the assumption of a uniform magnetic field which was used in the theory.
Even with arbitrary shaped magnetic fields the cross-field current density
at any location is given by the above relation as long as cross-field
diffusion governs electron transport to the anode. All indications are that
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this is the case in thruster discharges using both uniform and
diverging magnetic field configurations.

A second quantity required here is the extracted ion current
density j;. If the thermal ion energy is smaller than that of the electrons,
as is the case in thruster discharges, a pre-sheath forms near the ex-
traction surface. The potential drop across the pre-sheath is on the
order of 1/2 kTe/e, and ions arrive at the sheath edge with the velocity

The plasma density decreases slightly across the pre-sheath and at the
sheath edge amounts to

where p is the unperturbed plasma density and C; is exp (-0.5) which is
approximately 0.6. The ion current density at the sheath edge therefore
becomes

€

o kT
S

A third quantity required is the ionization mean free path for neutrals
Ane To obtain Ay we compute first the ionization frequency for the
neutrals vy which is

- 3. .L/e_
YN Vi N

where V., is the ionization frequency of the electrons, p is the plasma
density, and N is the neutral density. The mean free path then becomes

v
~ N
)\N—

ple Vig

whe re Uio is the electron ionization frequency at unit neutral density and
vy 18 the thermal gas velocity.

For the purpose of obtaining scaling laws it should be sufficient to
convert the above derived expressions for j,, j;, and Ay into propor-
tionalities and consider the various variables as representative averages
(indicated by an asterisk). Along the same lines we replace the deriva-

: Il x .
tive 3p/dr by p /r . This leads to

e % 21/2 % x-1 %2
il ~wTHE T
% sk % 1/2
5o~ kT

3 - S R |

° )\N P Vio




where v, was eliminated because, in first order, it should be independ-
ent of thruster size and geometry. We need one more relation, express-
ing the proportionality between the total electron current I and radial
electron current density je

oo
3R

Ter T 4 Je

To obtain specific scaling laws we must impose conditions which assure
certain desirable scaling features:

1. The electron temperature cannot be permitted to change
with thruster size because single and double ionization
energies of the propellant gas provide a relatively narrow

usable energy range. We set therefore kT* = constant.

2. For ion-optical reasons the extracted ion current density
should remain constant: _] = constant.

3. The propellant utilization should not change with thruster
size. This requires that AN/L = constant.

4 The energy losses ner eiected ion also should bhe indernend-

i bt il — B A Y4 Mg v Ll g acuic de 1n bl xiind
ent of thruster size. Because the total extracted ion
current is proportional to rik2 (as long as J‘ = constant),

and because the discharge voltage cannot change (to
assure that kT* = constant) the electron current must
vary as [, ~r#*

These four conditions in conjunction with the above derived four
proportionalities immediately yield the following scaling relations:

O
b4

= constant
B* ~ piod
(o™ B constant}
G5~

Accordingly, if the discharge plasma length is kept constant and if the

magnetic field is decreased by the same ratio by which the thuster
diameter is increased, the scaled-up thruster should have over-all
properties which equal those of the original version. In particular, the

plasma density distribution should remain unchanged. Furthermore,
since the electron current density is proportionally incr=ased, the life-
time of the average electron remains unchanged and hence will undergo
the same number of ionizing collisions. Therefore, the energetic re-
lationships in the discharge should remain preserved; in particular, the
energy losses per ejected ion should not change. Finally, with constant
plasma density, constant electron energy and constant length of the
plasma, the ionization mean force path and hence the propellant utili-
zation should remain unchanged.

w
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A basic shortcoming of these scaling laws is that they cannot
take into account more subtle changes in the discharge properties which
may result, for example, from changes in the magnetic field geometry
as the thruster length-to-diameter ratio is varied. Indeed, this is the
very reason why the earlier evolved physical requirements for good per-
formance are so essential. If these requirements are satisfied the de-
tailed mechanisms of the discharge are likely to change little, and the
scaling laws should have validity.

The above scaling rules pertain to the discharge plasma. A
separate set of rules applies to the hollow cathode plasma and the
interface between hollow cathode plasma and discharge plasma. Because
little is known about the discharge mechanism in hollow cathode plasmas,
a scaling relation cannot be given at this time. To optimize the hollow
cathode configuration (including size and shape of cathode housing and
baffle) for a scaled thruster, it would appear best to perform suitable
parameter studies.




Iv. CONCLUSIONS

The work performed under this contract has led to significant
advances in the understanding and performance optimization of Kaufman
thruster discharges. In this section we summarize the most significant
conclusions and make several recommendations.

Equally efficient thruster operation can be obtained in a number
of different thruster geometries. All have in common the following im-
portant features:

1. The magnetic field must spread from the cathode to the
screen electrode so that primary electrons can reach
almost the entire screen surface. This results in a
plasma with relatively uniform density and electron
temperature distributions. A plasma of this type serves
as an effective barrier across the screen electrode against
escape of the neutral propellant gas.

2. The anode and all electrodes at cathode potential must be
arranged with respect to the magnetic field so that a
Penning discharge-type confinement results. In particu-
lar, those field lines which guide primary electrons must
not intercept or come too close to the anode. As a conse-
quence, all primaries remain trapped sufficiently long to
expend their kinetic energy in ionizing, exciting and
energy sharing collisions.

3. With a hollow cathode, the outflow of electrons into the
discharge region must be limited by geometrical ob-
structions and magnetic fields to prevent excessive elec-
tron flow rates through the discharge. The discharge
voltage can then be raised to a level where the ionization
efficiency is high.

4. A high ion-optical transmission must be used. With a
transmission on the order of 70%, the discharge adopts
a particularly favorable potential distribution which con-
fines ions radially. This significantly improves dis-

charge performance.

Thruster chambers built in accordance with these general rules
are found to be similarly good in performance. Several hollow cathode
thrusters (SERT-II, Hughes - experimental No. 2; J.P. L. -20 cm;
and Hughes - radial field thruster) consume on the order of 190 to 230 eV/
ion at 85% propellant utilization. Several oxide cathode thrusters
(SERT-II, Hughes - experimental No. 1; and the J.P.L. 20 cm thruster)
require about 130 to 170 eV /ion at 85% propellant utilization. The diff-
erence between hollow cathode and oxide cathode thrusters is well
accounted for by the additional power consumed in the hollow cathode
plasma, which amounts to about 50 to 70 eV /ion (and which is not com-
pletely lost because it heats the cathode).
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Although different thrusters may be similar in performance, they
still produce significantly different ion beam profiles. Thrusters with a
radial magnetic field eject a much flatter ion beam than those with a
gradually diverging magnetic field. Under otherwise comparable con-
ditions a radial field thruster thus can be operated at nearly twice the ion
beam current and, accordingly, at nearly twice the thrust level.

Several other inieresting facts and features have come to light
under this contract.

1. According to the discharge theory developed here, scaling

of thrusters is governed by the following basic require-
ments:

a. the effective plasma length must remain constant
b. the magnetic field strength must decrease inversely
with the scaling factor.

2. Discharge operation at voltages as high as 50 V is desir-
able in hollow cathode thrusters because primary elec-
trons are injected with about 12 to 13 eV less energy than
corresponds to full discharge potential.

3. Operation at high discharge voltages may be safe if the
plasma interface between hollow cathode and discharge

plasmas is oriented so that ions cannot reach and erode
the cathode tip.




V. TABLES OF PERFORMANCE DATA

The tables in this section provide the thruster parameters for the
performance mappings and plasma diagnostics shown in this report.

LIST OF TABLES

Table I Critical Dimensions of Ion Extraction Optics

Table II Thruster Parameters for Performance Mapping of NASA
LeRC SERT-UI Model Thruster Operated with Spiral and
Magazine Type Oxide Cathodes and a Hollow (Discharge)
Cathode, shown in Fig. 11.

Table III Thruster Parameters and Langmuir Probe Data for
SERT-II Thruster Discharge Properties shown in Fig. 14.

Table IV Thruster Parameters for Data shown in Fig. 15.

Table V Thruster Parameters for Performance Mappings shown in
Fig. 17.

Table VI Thruster Parameters for Performance Mappings shown in
Fig. 18.

Table VII Beam Current as a Function of Cathode Position for Constant

Neutral Flow Rate (300 mA Equivalent) and Constant Dis-
charge Power.

Table VIII Thruster Parameters for Performance Mapping with Cathode
Position Varied along the Discharge Axis shown in Fig. 19.

Table IX Thruster Parameters for Performance Mappings shown in
Fig. 21.

Table X Thruster Parameters for Performance Mappings shown in
Fig. 22.

Table XI Thruster Parameters for Performance Mappings shown in
Fig. 23.

Table XII Langmuir Probe Data shown in Figs. 23 through 26.

Table XIII Langmuir Probe Data shown in Figs. 27 through 29.

Table XIV Thruster Parameters for Performance Mappings shown in
Fig. 33.

Table XV Thruster Parameters for Performance Mappings shown in
Fig. 41.
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TABLE II

Thruster Parameters for Performance Mapping of NASA-LeRC SERT II
Model Thruster Operated with Spiral and Magazine Type Oxide Cathodes
and a Hollow (Discharge) Cathode, shown in Fig. 11

®| Spiral Oxide Cathode, Equivalent Neutral Current = 290 mA, Vacuum Chamber Pressure = 3 x 10.7 Torr

Cathode Heater Arc Discharge Ion Beamn Performance
Vie V| Igr A | P W | VL V[ 15 A | P, W I, .,omA | I, ., mA|n,, % | eV/Ion
3.6 36 130 40 2.4 96 265 0.9 91.6 362
35 2.35 82.4 255 1.1 88 323
30 2.35 70.5 245 1.2 84.5 287
25 1.95 48.7 175 1.4 60.5 278
3.2 33 106 40 1.5 60 240 1.0 83 240
35 1.5 52.5 221 1.1 82.3 221
30 1.45 43.5 193 1.3 77.8 193
25 1.4 35 171 1.5 71.0 171
3.0 30 90 45 1.0 45 228 1.0 78.8 197
40 1.0 40 220 1.2 76 182
35 0.95 33.2 205 1.4 71 162
30 0.92 27.6 190 1.7 65.6 145
®| Magazine Oxide Cathode, Equivalent Neutral Current = 306 mA
4.2 37 156 49 2.3 113 263 0.7 85.8 430
45 2.25 101.5 257 0.75 83.8 395
40 2.3 92 247 0.8 80.6 372
35 2.4 85.8 235 0.9 76.6 365
30 2.8 84 210 1.05 68.6 400
3.9 35 136 50 1.25 62.5 229 0.8 74.2 273
45, 1.27 57.2 222 0.8 72.5 258
40 1.2 51.2 215 0.85 70.2 238
35 1.3% 48 208 0.9 67.8 231
30 1.5 45 198 0.9 64.6 227
3.5 33 116 50 0.75 37.5 187 1.0 61.1 200
| 45 0.75 33.7 182 1.0 59.4 185
I 40 0.75 30 175 1.0 57 172
36 0.75 27 165 1.05 53.9 163
A Hollow Cathode, Equivalent Neutral Current = 308 mA, 272 mA through Main Feed System, 36 mA
through Hollow Cathode, Cathode Heater = 5.2V, 8 A, 41.6 W. July (1967)
i 12.3 0.42 5.2 32.4) 3.2 103.8 270 2.0 87.7 384
| 13.1 0.43 5.6 32 2.4 76.8 256 2.2 83.2 300
13.6 0.43 5.9 32 2.1 67.2 249 2.3 81 269
14 0.43 6.0 31.8] 1.58 50 220 2.4 71.5 227
v Hollow Cathode, Equivalent Neutral Current 299 mA, 251 mA through Main Feed System, 48 mA through
Hollow Cathode, Cathode Heater 3 V, 7A, 21 W, Recent LeRC Baffle Design
11 0.2 2.2 37.5| 3.15 118 254 0.9 85 465
11.2 0.2 2.2 37.2| 2.74 102 254 0.9 85 402
11.4 0.2 2.3 36.3| 2.31 84 249 0.9 83.2 338
11.8 0.2 2.4 36.9| 2.02 74.5 248 1.0 83 300
12.0 0.2 2.4 37 1.7 62.9 242 1.0 81 260
12.3 0.2 2.5 37.7] 1.31 49.4 229 1.1 76.5 216
12.4 0.2 2.5 37.3] 1.0 37.3 205 1.3 68.5 182
12.4 0.2 2.5 36.8| 0.8 29.4 182 1.4 60.8 164
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TABLE III

Thruster Parameters and Langmuir Probe Data
for SERT-II Thruster Discharge Properties Shown in Fig. 14

Thruster Parameters
Discharge Voltage 37V
Discharge Current 1.7 A
Beam Voltage 3 kV
Decelerating Voltage 2 kV
Beam Current 242 mA
Drain Current 1 mA
Neutral Current (equivalent) 299 maA total
{48 mA through Hollow Cathode)
2 ft Vacuum Chamber Facility, 4 x 10-7 Torr Pressure,
Z = Axial Distance from the Probe to the Upstream Boundary
of the Discharge Chamber
npe = Density of Primary Electrons with Average Energy = eV,
n .. = Density of "Maxwellian" Electrons with Equivalent
rE‘emperate Te-
n_ = Total Plasma Density
v‘;/vD = Ratio of Plasma Potential to Anode Voltage
n n n
czrx,‘\ fm vp/VD lﬁpe -3 eev‘\?, lOme -3 :‘5', lOp -3
10" cm 10" cm 10" cm
1.8 13 0.99 0.05 21 1.6 3.7 1.6
4 1.0 0.05 15 1.1 2.3 1.1
5 1.01 0.02 10 1.0 1.6 1.0
6 1.03 0.01 6 0.7 0.8 0.7
2.8 13 0.99 0.2 14 2.8 4.4 3.0
4 1.02 0.04 16 1.8 2.9 1.8
5 1.03 0.02 10 1.2 1.3 1.2
6 1.03 0.01 5 0.8 0.8 0.8
3.5 0.5 0.35 — ~ 16.1 0.8 16.1
1.0 0.40 -_— - 5.8 1.6 5.8
1.5 0.90 1.1 21 1.8 2.8 2.9
2.0 0.98 1.2 22 3.4 3.9 5.6
2.5 1.0l 2.3 29 5.1 6.5 5.4
3.0 1.03 0.2 27 4.6 5.3 4.8
4 1.04 0.1 21 2.4 3.5 2.4
6 1.04 —_— - 1.0 0.7 1.0
4.0 |0.3 1.06 — - 9.4 10.5 9.4
1.0 1.0 0.6 31 8.9 9.4 9.4
2.0 1.07 0.4 32 9.8 8.0 10.2
3 1.05 0.2 32 10.7 6.3 10.7
4 1.03 0.1 22 3.0 3.5 3.0
5 1.03 0.1 10 1.5 1.3 1.6
6 i.01 — - 1.0 6.7 1.0
5.8 |1 1.09 4.6 28 10.7 4.7 15.2
3 1.08 1.6 26 7.3 5.5 8.9
5 1.05 0.02 17 2.1 2.2 2.1
7 1.02 —_ - 0.1 0.4 0.1
7.8 |1 1.08 0.1 34 12.4 8.4 12.5
3 1.06 0.3 33 8.5 7.9 8.8
5 1.05 0.1 26 2.3 3.7 2.4
7 1.04 —_ - 0.4 0.4 0.4
9.8 |1 1.02 0.8 31 9.6 7.5 10.4
3 1.01 0.4 30 7.8 7.1 8.2
5 0.99 0.2 18 2.9 5.9 3.1
7 1.03 0.1 8 0.6 0.9 0.6
11.8 |1 0.97 0.8 28 6.6 7.3 7.4
3 0.96 0.6 29 6.1 8.2 6.7
5 0.94 0.7 26 3.5 7.0 4.2
7 1.11 1.3 23 —_ — 1.3
12.7 11 0.92 0.4 25 6.1 7.3 6.5
3 0.95 0.8 26 5.0 7.0 5.8
5 0.98 4.2 20 —_ —_ 4.2
7 1.0} 1.8 22 —_ —_ 1.8
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TABLE V

Thruster Parameters for Performance
Mappings shown in Fig. 17

Facility - 2 ft Chamber, Pressure 2.5 x 10_’7 Torr

Cathode - Spiral Oxide, 104 W Heater Power

Magnetic Field - Uniform Configuration 2.5 A
All Windings

Beam Voltage - 3 kV

Decelerating Voltage - 2 kV

Optics - Type A (48% Open Area)

Neutral Flow - 268 mA Equivalent (Standard
Reverse Injection)

Parameter - Discharge Chamber Length-to-
Diameter Ratio (L/D)

Voo | 14 | Py | Ins | Ias [0y | Ep
L/D | P 2 W oBr | o | 2 | ev/don
1.14 | 48.5 | 1.75 | 84.9 | 265 ] 0.9 | 99 321
45 1.76 | 79.1 | 258 | 0.9 | 96 306
40 1.78 | 71.2 | 242 | 1.0 | 90 294
35 1.78 | 62.3 | 225 | 1.0 | 84 277
30 1.78 | 53.5 1200 1.1 | 74.5| 267
25 1.65 | 41.3 [ 160 | 1.1 | 59.6] 258
22 1.22 | 26.8 {100 | 1.2 | 41 268
0.97 | 48.5 | 1.65 | 80 263 [ 0.9 | 98.2{ 304
45 1.62 | 72.8 | 255 | 0.9 | 95.2| 285
40 1.64 | 65.6 | 241 | 1.0 | 90 272
35 1.62 | 56.7 | 225 ] i.0 | 84 252
30 1.59 | 47.7 {198 ] 1.1 | 73.8] 241
25 1.56 | 39 154 | 1.2 | 57.5] 253
22.7 {1.07 | 24.3 |91 | 1.3 ]34 267
0.80 | 48.5 | 1.55 | 75.2 | 264 | 0.9 | 98.5| 284
45 1.52 | 68.4 | 255 | 1.0 | 95.2| 268
40 1.54 | 61.6 | 242 | 1.0 | 90.3| 254
35 1.52 | 53.2 {225 | 1.1 | 84 237
30 1.53 | 45.9 | 200 ] 1.1 | 74.6| 230
25 1.35 | 33.8 [ 145 [ 1.2 | 54.1| 233
24 1.0 | 24 91 ] 1.2 | 34 264
0.63| 48.5 | 1.43 | ¢9.4 [ 255 | 0.9 | 95.2| 272
45 1.39 | 62.5 | 245 | 1.0 | 91.4| 255
40 1.38 | s5.2 | 232 | 1.0 | 86.5| 238
35 1.4 | 49 218 ] 1.1 {81.3| 225
30 1.4 | 42 190 [ 1.1 | 70.8] 221
27.5 | 0.95 | 26.1 | 95| 1.2 | 35.4| 275
0.45| 48.5 | 1.31 | 63.5 | 242 | 0.9 | 90.3] 262
45 1.31 | 59 235 | 1.0 | 87.6] 251
40 1.3 | 52 225 | 1.0 | 83.9] 231
35 1.32 | 46.2 | 205} 1.1 | 76.9] 225
32.5 1 1.09 | 35.4 | 126 | 1.2 | 47 281
0.281 48.5 | 1.3 | 63.1 | 205 | 1.0 | 76.5| 308
45 1.23 | 55.3 | 197 | 1.0 ] 73.5| 281
40 0.78 | 31.2 | 83| 1.1 | 31 375
36 0.55 | 19.8 | 53| 1.21 20 375

@ The Data for the SERT-II Thruster are given in
Table IV; Cathode Heater Power = 106 W,
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TABLE VI

Thruster Parameters for Performance
Mappings shown in Fig. 18

Facility - 2 ft Chamber, Pressure 2 x 10-7 Torr

Cathode - Spiral Oxide, 103 W Heater Power

Magnetic Field - Divergent Configuration,
Windings 1-4, 1.5 A
Winding 5-8, 6 A

Beam Voltage - 3 kV

Decelerating Voltage - 2 kV

Optics - Type A (48% Open Area)

Neutral Flow - 265 mA Equivalent (Standard
Reverse Injection)

Parameter - Discharge Chamber Length to
Diameter Ra.tio (L/D)

VvV, I, P, I, Inol Mo €7,
L/D VD R \P n'I?A m[}\ 15%1 eV}Ion
1.14 48.5 1.09 52.8 240 1 0.9] 90.5 220
45 1.07 48.2 230 | 1.0} 86.8 209
40 1.03 41.2 213 11.0] 80.4 194
35 0.98 34.3 193 1.1} 72.8 178
30 0.93 27.9 168 | 1.1] 63.4 166
27 0.9 24.3 145 1 1.2 54.7 168
0.97 49 1.04 51 240 [ 0.9} 90.5 212
45 1.02 45.8 230 | 1.0| 86.8 200
40 1.0 40 218 | 1.0 82.3 184
35 1.0 35 199 | 1.0 75.0 176
30 0.96 28.8 172 | 1.1| 64.9 168
27.5 0.88 24.2 150 | 1.2] 56.6 162
0.80 49 1.08 53 243 10.91 91.6 218
45 1.04 46.8 232 | 1.0 87.5 202
40 1.03 41.2 222 |1.0| 83.8 186
35 1.01 35.4 202 |1.1]| 76.3 175
30 1.0 30 179 {1.1] 67.5 168
26.8 0.9 24.2 151 1.2] 57.0 160
0.63 48.9 1.08 52.8 241 1 0.9 91 219
45 1.07 48.2 233 | 1.0 88 207
40 1.08 43.2 221 1.0 83.4 196
35 1.06 37.1 205 | 1.0 77.4 181
30 0.99 29.7 178 1 1.1] 67.2 167
26.2 0.93 24.4 148 | 1.2] 55.8 165
0.45 48.2 1.09 52.5 232 |1.0| 87.5 228
45 1.07 48.2 227 1.0 85.7 212
40 1.06 42.4 1 214 (1.1 80.7 198
35 1.04 36.4 198 | 1.1} 74.7 184
30 1.0 30 171 1.2] 64.5 176
27.5 0.88 24,2 129 | 1.3] 48.7 188
0.28 48.9 1.5 73.8 228 | 1.0| 86 322
45 1.5 67.4 221 1.0 83.4 305
40 1.52 60.8 212 [ 1.1 80 287
35 1.25 43.8 153 1.1 57.7 286
33.8 0.63 20.3 63 1.3] 24.2 322

.SERT-II Thruster Parameters are given in Table IV;

Cathode Heater Power = 106 W




TABLE VII

Beam Current (in Milliamperes) as a Function of Cathode Position for
Constant Neutral Flow Rate (300 mA Equivalent) and Constant Discharge
Power (Z is the Distance of the Cathode from the Screen in ¢m and R
is the Distance of the Cathode from the Discharge Chamber Axis in cm)

Discharge Power Constant at 72 W

Z
R\ 0.3 2.5 4.7 7.3 9.8

0 180 175 185 190 210
1.3 170 185 170 185 205
2.6 155 175 160 165 175
3.8 135 145 130 135 130
5.0 105 75 85 85 75

Discharge Power Constant at 90 W

R\Z 0.3 2.5 4.7 7.3 9.8
0 210 215 210 225 240
1.3 205 215 215 215 240
2.6 190 200 205 210 220
3.8 160 165 170 165 165
5.0 110 90
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TABLE VIII

Thruster Parameters for Performance Mapping with Cathode Position
Varied along the Discharge Axis Shown in Fig. 19

Z is the distance from cathode to screen
Equivalent neutral flow = 290 mA
Acceleration voltage = 3 kV
Decelearation voltage = 2 kV
Cathode heater voltage = 1.9V
Cathode heater current = 24.8 A
Optics - Type A (48% open area)
Arc Discharge Ion Beam Performance
Z, cm
Ve V I, A |Pp, W)L .mA |I, ..mA|n_,% eV/Ion
9.8 45 2.5 112 255 1.8 88 441
38 2.35 90 225 1.8 78 396
28 2.3 65 180 2.0 62 358
23.5 2.0 47 140 2.0 48. 4 335
21 1.7 36 100 1.8 34.5 355
7.3 44 2.35 104 240 1.9 82.7 432
36.5 2.3 82 220 1.9 76 381
34 2.1 71 200 2.0 69 357
28 2.2 62 170 2.0 58.6 364
22 1.95 43 120 2.0 41.5 358
4.7 46 2.2 102 220 2.0 74 460
41.5 2.0 83 200 2.0 69 415
32 2.2 70 180 2.0 62 392
27.5 2.15 59 160 2.0 58.2 370
23 2.09 48 130 2.0 45 369
20.5 1.95 40 100 2.0 34.5 400
2.5 48 1.9 91.2 195 2.0 67 468
43 1.85 79.5 180 2.0 62 442
35 1.6 56 150 2.0 52 373
28 1.7 47.6 135 2.0 46.6 353
22.5 1.65 37.1 100 1.9 34.5 391
0.3 47 1.7 80 190 2.0 65.5 420
37 1.9 70.4 180 2.0 62 390
31.5 1.95 61.4 160 2.0 55.2 384
28 1.9 53.3 140 2.0 47.2 380
26 1.75 45.6 120 2.0 41.5 380
23.5 1.45 34 95 1.8 32.8 360
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TABLE XI

Thruster Parameters for Performance Mappings
Shown in Fig. 23

Facility - 2 ft Chamber, 2 x 10”7 Torr Pressure
Cathode - Spiral Oxide
Magnetic Field, Uniform Configuration of Fig. 16(a)
Divergent Configuration of Fig. 16(d)
Beam Voltage, 3 kV
Decelerating Voltage, 2 kV
Optics - Type A (48% Open Area)
Type B (71% Open Area)
Propellant Injection - Standard Reverse
Parameter - Magnetic Configuration and Optic Open Area
Magnetic Optics Pl Vpr Ip Ig: 1 Iar IN’ m’ ‘1
Configuration P w v A mA | mA | mA (equiv.) % eV/Ion
® 2A A 104 | 48.5] 1.55 | 264 | 0.9 268 98.5 284
45 1.52 [ 255] 1.0 95.2 268
40 1.54 | 242 1.0 90.3 254
35 1.52 [ 225 1.1 84 237
30 1.53 | 200} 1.1 74.6 230
25 1.35 | 145 1.2 54.1 233
A 2B A 103 | 49 1.08 | 243] 0.9 265 91.6 218
45 1.04 | 232 1.0 87.5 202
40 1.03 12221 1.0 83.8 186
2s 1,01 12020 101 76,2 178
30 1.0 179 ] 1.1 67.5 168
26.81 0.9 1511 1.2 57 160
o 2A B 102 | 48 1.25 | 312} 0.9 320 97.5 192
45 1.22 | 301 ] 1.0 94 182
42.5| 1.22 | 291 ] 1.0 91 178
40 1.22 {2811] 1.1 87.8 173
37.5 | 1.24 | 269 1.2 84 173
35 1.24 | 256 1.3 80 170
32.5) 1.22 | 235} 1.5 73.5 169
30 1.18 | 210} 1.7 65.6 169
27.51 1.05 11681 2.2 52.5 177
A 2B B 101 | 48.3 ) 1.01 [ 297 1.2 330 90 164
45 0.99 | 282} 1.3 85.5 158
42.51 0.98 (271} 1.3 82 154
40 0.98 | 260 | 1.4 78.8 150
37.51 0.99 {2521 1.4 76.4 148
35 0.97 | 238 1.5 72.1 143
32.2] 0.95 {218 1.7 66 140
30 0.9 196 1.9 59.4 138

[$2)
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TABLE XII

Langmuir Probe Data shown in Figs. 24 through 26

Discharge Parameters are given in Fig. 24

Distance from Probe Position to Cathode Plane - 7
Distance from Probe Position to Discharge Axis - R

Plasma Potential - V

Plasma Density - n P

Plasma Electron Temperature - Te (Maxwellian Velocity

Distribution)
Parameter - Magnetic Field Configuration

Magnetic Z, R, vV, T
Configuration | cm cm \P eV

,_,
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e °]
3

|
W

16A 3 53.
.5 50.
55
52.
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.5 54
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Langmuir Probe Data Shown in Figs. 27 through 29

TABLE XIII

Discharge Parameters are given in Fig. 27
Distance from Probe Position to Cathode Plane Z
Distance from Probe Position to Discharge Axis R
Plasma Potential Vp

Plasma Density n
Primary Electron Density n)

Primary Electron Energy eV,

Maxwellian Electron Densityn
Maxwellian Electron Temperature T
Parameter - Magnetic Field Configuration

Magnetic zZ, R, Vp’ np’ np evo’ nar Te’
Configuration cm cm v 101! ¢m-3 1010 ¢n-3 eV 1010 ¢m-3 eV
16A 0.46/ 1 | 40.6 1.5 2.7 36 12 9.1
3 | 38.1 0.5 0.9 27 3.8 4.2

5 | 42.2 0.1 0.06 32 1.0 4.3

7 | 41.6 0.008 0.02 11 0.06 1.3

2 1 | 41.7 2.2 2.1 39 20 7.3
3 | 40.8 1.0 0.4 35 9.5 5.5

5 | 40.4 0.2 0.1 23 1.6 3.0

7 | 40.5 0.03 0.004 8 0.3 0.5

4 1 |42 2.4 2.1 38 22.3 6.8
3 | 41.5 1.3 0.6 36 11.9 4.8

5 |40.5 0.3 0.2 25 2.9 2.5

7 | 41.9 0.08 0.01 8 0.8 0.6

6 1 | 42.2 2.5 2 37 23 7
3 1a1.8 1.4 0.6 34 13.1 5.3

5 | 40.8 0.43 0.2 27 4.1 3.4

7 | 41.5 0.08 0.08 6 0.76 0.5

8 1 | 40.9 2.2 2 37 20 6.7
3 | 41 1.3 0.7 36 12 5.5

5 | 40.8 0.5 0.2 36 4.6 4.0

7 | 41.9 0.09 0.02 17 0.9 1.2

10 1 39.6 1.8 1.7 36 i6.1 [
3 |38.9 1.0 0.7 34 9.1 6.0

5 |39.1 0.4 0.2 30 3.8 4.4

7 |41.5 0.09 0.02 22 0.9 2.0

11.2 1 | 38 1.2 1.5 36 10.4 9
3 |37 0.7 0.5 33 6.6 6.7

5 |37.7 0.4 0.3 32 3.3 4.6

7 | 38.2 0.08 0.03 29 0.8 4.6

16D 0.46] 1 | 42.4 1.7 1.27 38 16 4.6
3 | 41.8 0.4 0.17 38 3.7 3.7

5 [ 40.8 0.05 0.03 13 0.5 0.9

7 | 43.8 0.01 0.01 9 0.1 1.3

2 1 | 42.7 2.1 1.4 35 20 4.9
3 laz.3 0.7 0.2 31 7.3 3.1

5 |42.9 0.1 0.01 17 1.0 0.8

7 | 42.6 0.02 0.001 7 0.02 0.7

4 1| 42.6 2.2 1.5 35 20.8 4.6
3 |43 0.6 0.2 29 5.9 3.5

5 | 41.9 0.1 0.03 8 1.3 0.7

7 | 43.2 0.04 0.02 3 0.4 0.7

6 1| 43 2.5 1.7 37 23 5.3
3 | 42.5 1.2 0.6 30 11 3.2

5 1 43.3 0.3 0.06 16 3.3 1.7

7 | 42.4 0.06 —_ - 0.6 0.6

8 1 | 42.9 2.3 1.8 37 21.4 5.3
3 425 1.3 0.6 34 11.7 4.2

5 | 42.3 0.4 0.1 28 4.1 3.1

7 | 4z2.7 0.08 0.01 8 0.8 0.6

10 1 | 421 1.6 1.5 35 14.5 5.3
3 | 421 0.9 0.7 36 8.2 5.1

5 | 42.3 0.4 0.3 34 4.0 4.0

7 | 43.2 0.1 0.05 9 1.0 1.5

11.2 1 ]38.9 1.1 1l 37 9.6 6.8
3 439 0.6 0.7 34 5.8 6.6

5 | 39 0.3 0.3 34 3.1 6.4

7 | 41 0.09 0.09 30 6.8 4.1

o)l
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TABLE XIV

Thruster Parameters for Performance
Mappings Shown in Fig. 33

Facility - 5 ft Vacuum Chamber Facility, 5 x 10-'7
Cathode - Hollow (NASA LeRC)
Magnetic Field - Configurations 34, 35 and 36
Beam Voltage - 3 kV

Decelerating Voltage - 2 kV

Optics Type A

Propellant Injection - Standard Reverse

Torr

Magnetic VD' ID’ B’ IN (total) In (Hollow Ny €
Configuration v A mA | mA (equiv.) Cathode?), % eV/Ion
mA (equiv.)

34 33 1.4} 120 300 50 40 384
33.5 | 1.8} 152 50.6 397

34.2 | 2.2 185 61.5 406

35 2.6 210 70 434

35 3.0) 230 76 457

35 3.4| 255 84.9 466

35 3.6 270 90 470

35 34 1.4} 140 300 50 46.6 330
34 1.8] 170 56.6 361

34 2.3 200 66 391

34 2.8 235 78.2 404

34 3.4| 263 87.5 434

34 3.8( 280 93 460

36 32.5 | 1.0) 110 302 19 36.4 295
34 1.4 160 53 298

34.2 | 1.8] 197 65.3 313

35 2.2 228 75.6 338

35 2.6| 249 82.5 366

36 3.0 260 86.2 415

37.5 | 3.4 275 91.2 466




Thruster Parameters for Performance Mappings

TABLE XV

Shown in Fig. 41

Facility - 9 ft Vacuum Chamber, 10-7 Torr Press

Cathode - Hollow

Magnetic Field - Configurations 36 and 42

Beam Voltage - 3 kV

Decelerating Voltage - 2 kV
Optics Type A for Configuration 36 and 42, Type B for 42

Magnetic . v, I.,1 I, I (total) Iy (Hollow n_, € 1s

Configguration Optics VD [I\) BA 2 . gathode), ;1 V/II
m mA (equiv.) mA (equiv.) o e on

36 A 32.5 | 1.0f 110 302 19 36.4 295

34 1.4] 160 53 298

34.2 1 1.8 197 5.3 313

35 2.2 228 75.6 338

35 2.6 249 82.5 366

36 3.0 260 86.2 415

42 A 34 1.2} 135 272 61 49.7 302

2 1.8 190 70 331

36 2.2 220 81.5 360

37 2.6 240 88 401

38 3.0| 260 96 438

42 B 31 1.4] 170 258 32 67 255

35 1.6] 208 80.6 269

40 1.8] 239 92.5 301

45 2.2} 250 97 395
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TABLE XVI

Langmuir Probe Data used in Fig. 44

Discharge Parameters are given in Fig. 44

Distance from Probe Position to Cathode
Plane Z

Distance from Probe Position to Discharge
Axis R

Plasma Potential V

Plasma Density n

Primary (Monoenergetic) Electron Density n

Primary Electron Energy eV

Maxwellian Electron Density n

Maxwellian Electron Temperature T,

1

z, R, V., n n eV, _, n T,
cm cm \}) X 1(?10 10110 e\/9 10%0 eV
0.37 | 0.5} 14 2.9 0.2 31 2.81 2.1
1.0} 14 2.3 0.2 34 2.2 2.2
1.81 13.5 1.7 0.2 32 1.5 2.1
1.5 0 14.3 16.7 0.1 33 16.6 1.2
0.5 14.2 15.2 0.1 40 15.1 1.2
1.0 13.9 8.7 0.1 38 8.6 1.3
1.8 13.8 3.0 0.1 46 2.9 1.6
2.5 0 13.2 14.5 0.1 45 14.4 1.0
0.5] 14.0 10.8 0.2 26 10.6 1.3
1.0 14.2 4.2 0.2 32 4.1 1.9
1.81 14.8 1.9 0.1 36 1.8 2.7
3.4 0 12.7 2.6 0.3 19 2.3 1.9
1 15.1 2.1 0.7 12 1.4 1.4
2 35 6 1.0 29 5.2 5.5
3 36.8 5.9 0.3 39 5.6 5.7
4 37.1 4.2 0.2 40 4.0| 4.3
5 37.2 2.9 0.2 55 2.7 3.6
6 37 1.4 0.1 67 1.3 2.6
5.0 0 37.7 14.2 0.2 32 14.0 9.3
2 37.3 9.9 0.1 33 9.81 7.2
4 37.2 5.4 0.2 41 5.2 1 4.9
6 36.6 1.5 0.1 60 1.44{ 3.0
6.9 0 37 2.5 0.3 31 12.4} 9.3
2 36 7.0 0.3 26 6.8 5.0
4 36.5 4.9 0.5 30 4.4 4.3
6 39.5 2.0 0.1 69 1.9 3.5
8.8 0 38.6 9.0 0.6 27 8.4 7.5
2 35.5 6.5 0.3 25 6.2 4.9
4 34.9 4.1 0.5 32 3.7 4.1
6 39.3 2.2 0.1 52 2.1 2.7




Thruster Parameters for Performance
Mappings Shown in Fig. 47

TABLE XVII

The Radial Field Thruster Configuration is shown in

Fig. 46

Facility - 9 ft Chamber 1 x 10-7

Cathode - Hollow

Beam Voltage - 3 kV
Decelerating Voltage - 2 kV

Optics - Type B

Torr Pressure

Propellant Injection - Standard Reverse Using 40

Injection Orifices

Vpr | o | 1se | ta N M r
A% A mA | mA | mA (equiv.) To eV /Ion
35.7 0.8 159 1 1.8 334 47 .6 180
37 0.831180 1.8 53.9 170
39 0.9 ]200 1.7 60 175
43 0.98| 235 [ 1.8 70.5 179
45 1.051260 | 2.3 78 182
50 1.3 290 | 2.6 87 224
36 1 200 | 2.6 426 47 181
35 1.2 12201 2.6 51.7 190
36 1.4 12801 2.5 65.8 180
38 1.6 330 | 2.1 77.5 185
40 1.8 1360 | 2.0 84.6 200
45 2.2 1400 | 2.8 94 257

61
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TABLE XVIII

Hourly Readings of Radial Field Thruster Parameters
Taken During the 24 Hour Test

VD, ID’ IB’ IA’ In (Feed In (Hollow
Hour v A mA | mA | System) | Cathode),
mA mA
0 44 1.2 2701 1.3
1 43 1.05 265 1.6 262 29
2 46 1.05 280 1.6 296 45
3 48 1.05 280§ 1.5
4 48 1.05 270 1.6 330 47
5 48 1.1 2551 1.7 280 50
6 48 1.1 2551 1.5 270 43
7 48 1.05 2551 1.7 262 40
8 47 1.19 2701 1.6 287 32.4
9 45 1.2 275 1.4 287 41.4
10 45.5 1.1 270 1.4 254 39.6
11 46 1.1 265( 1.4 262 41.2
12 46. 1.09 2651 1.4 254 37.0
13 46.5 1.0 262 1.4 254 36.0
14 46 1.0 2501 1.5 339 37.0
15 48 0.9 2451 1.4 339 4] .4
16 48 1.1 250 1.8 271 27
17 47 1.2 250 1.6 284 25.2
18 46 1.2 2501 1.4 266 28.8
19 46 1.0 250; 1.4 266 33.2
20 48 1.0 2501 1.4 258 35.4
21 47 1.1 2501 1.8 259 32.4
22 47 1.0 2501 1.6 270 21.6
23 48 1.0 250] 1.8 312 20
24 46 1.05 2501 1.4 270 34
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TABLE XX

Approximate Collision Data for a Thruster Discharge with Uniform
B-Field and Low Transmission Optics

Mean Free Path, cm

Collision Frequency,

sec”
Collision Partners Discharge Discharge
Center Edge Center Edge
Atom-atom® 200 150
Ion-atornb 200 150 5x lO2
Electron-atom® 400 200 4 x lO5 5 x 105
Ion-ion 1 30 105 8 x 103
Electron-ion 140 20 1.2 x 106 5 106

%See Ref. 12
bSee Ref. 13
“See Ref. 14

64




‘ssned gz = d 103,

meE\OCOE
moH X G6°0 moﬂ XLl €/0¥ QIMIXTIN 6+ 1 opouy
UBI{[OMXBIN IeaN
mo~Xo.~ woﬂxm.o L9 Sandg
MXeIN /OUON
ooﬁ X2'¢t moH X 98°1 a1/0% SINIXTIN 6° 1 I93usn
e3aeyosi(q
UBT[[OMX BN
ooﬁxw.m moﬁxw.ﬁ S LI sand
A9 ‘A8aou adA
[-%I01 [-d9s [-20°8 Swd \ <l L w0 eS0T

‘Aousnboi g uoneziuor

LURIPTI00D UoTsNIFIQ

uonduUNg UOTINQLIISI

suondung uonnNqlIlsig JUSISIJIJ I0J S93BY UOIIRZIUO] PUB SIUSIDIJFR0D) UOTSNIIICT

IXX dTdV.L



66

TABLE XXII

Estimate of the Dependence of Propellant Utilization
on Neutral Mean Free Path (1 = length of chamber)

[N n To
2 40
1 63
0.83 70
0.67 78
0.5 86




VI.

FIGURES

The figures referenced in the text appear in this section.
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Fig. 1. Schematic circuit diagram of power conditioning and thruster
electrodes.
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Fig. 2. Schematic drawing of the versatile experimental thruster

used in diagnostic and optimization experiments.
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M 4830

Fig. 3. Spiral oxide cathode (design 4A) be-
fore test.




(a) View with ion optics removed.

Fig. 4. Radial field thruster.




(b) View with ion optics and cathode baffle-pole piece removed.
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Fig. 5. Drawing of Langmuir probes used in this investigation.
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Fig. 6. Langmuir probe technique. (a) Geometry and positioning.
(b) Superimposed emitting and nonemitting probe characteristics.
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Fig. 8. Block diagram of Langmuir probe voltage sweeping, data re-
cording equipment.
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Photograph of powdered iron field map of magnetic field

p!
configuration in a thruster discharge chamber.
made in the SERT-II model, permanent thruster.
charge chamber electrodes are sketched.)

This map was
(Dis-
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Fig. 11. Performance mapping of NASA-LeRC

SERT II model permanent magnet
thruster for three cathode types.

(See Table II for thruster parameters.)
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(c) Maxwellian electron temperature in the SERT-II thruster.

Fig. 14. (Cont'd).
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currents shown. The field lines are tracings of a pow-
dered iron field map such as that shown in Fig. 10. The
magnetic field values shown are the axial component
(measured with an axial Hall effect probe gaussmeter).
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Performance data of the experimental hollow cathode
thruster for different magnetic configurations. (Mag-
netic field tracings are shown in Figs. 34, 35, and 36.
Thruster parameters are given in Table XIV.)
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eters are given in Table XV.
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2 shown in Fig. 5. Parameters are given in Table XVI.

Fig. 44. (Cont'd).
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Fig. 49. Beam profile of the radial field thruster; profile mea-

sured 1 cm from accel electrode, total ion beam cur-
rent = 400 mA.
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Fig. 51. Ionization rates of monoenergetic and Maxwellian electrons

in mercury.
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